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ABSTRACT

Liston, Leah C. M.S.A.B.E., Purdue University, May 2015. Using Mixtures of Fatty Acid
Methyl Esters as Phase Change Materials for Concrete. Major Professor: Bernard Y. Tao.

Phase change materials (PCMs) are an effective way of storing/releasing thermal energy
via phase transformations. Incorporating PCMs into concrete pavements at airports has
been suggested as a means to reduce the accumulation of snow and ice on runways. This
thesis reports on the development of two phase change materials composed of binary
mixtures of fatty acid methyl esters (FAME) which provide a solid-liquid transition
slightly above 0°C with a high enthalpy of fusion. Current findings of this study indicate
that these mixtures have the necessary properties to be a high performance PCM with the
potential to reduce the levels of icing on concrete pavements. Additionally, possible
methods to incorporate this PCM into concrete were examined specifically ambient and
vacuum absorption into concrete aggregate and encapsulation in a SiO 2 shell.
Mixtures plant triacylglycerols and mixtures of saturated and unsaturated FAMEs of
different carbon chain lengths (C8-C18) were investigated for targeted thermal
properties, including a phase transition temperature slightly above 0°C, high latent
enthalpy of fusion, high heat capacity and high thermal conductivity. Two binary
mixtures were identified with suitable thermal properties to be used as a PCM: (1) methyl
laurate + methyl myristate, x laurate =0.77 ± 0.01, and (2) methyl laurate + methyl palmitate,
x laurate =0.86 ± 0.01. Using differential scanning calorimetry, Tammann plots and phase
diagrams were created; indicating that the phase behavior of these binary mixtures at
their eutectic compositions demonstrated useful properties as PCMs.

xvii
Overall, the maximal amount of methyl esters that can be absorbed into lightweight
aggregate was achieved through vacuum absorption at room temperature (approximately
24% m/m). However, this may not be practical in industrial scales, hence an alternative
method, such as embedding a tube filled with a methyl ester mixture into the concrete
system, should be investigated

1

CHAPTER 1. INTRODUCTION

For the Federal Aviation Administration (FAA), safely maintaining operational airport
runways during a winter weather event is challenging. Most aircrafts are prohibited from
operating on a runway covered by untreated ice, or more than a half an inch of snow or
slush [1]. This hampers smooth air traffic management operations and causes expensive
flight delays and cancellations. For consumers, a delayed or cancelled flight could cause
a number of issues, from reschedule cost of a flight to extra night at a hotel and/or any
cancelled or changed plans at their destination.
Traditional deicing methods using a mixture of sand and chemicals lead to detrimental
environmental surface runoff and premature pavement damage. Additionally, the cost of
owning and operating snowplows is substantial for general aviation airports [2]. The
FAA has set standards for airports to have sufficient equipment to remove 1 inch of snow
in 30 min to 2 hours from high priority runways depending on the size and type of airport
[3].There is a need for an alternative method for improving anti-icing practices to reduce
the accumulation of ice and snow on the surface of concrete pavements to increase the
safety of airport runways.
Phase change materials (PCMs) are latent heat storage materials which have the ability to
store thermal energy from ambient, solar or applied sources and release the energy as
heat during its phase transformation. The use of high latent enthalpy PCMs in concrete
infrastructure has been proposed as a possible method for altering anti-icing practices in
concrete pavements [4]–[8]. The energy stored in PCMs can be released during cooling
(crystallization) and absorbed during heating (melting). The released energy can be used
to reduce the amount of snow and ice on the surface of the pavement thereby decreasing
the use and demand for deicing salts, improving the durability of concrete [9]–[15].
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Using PCM in concrete pavements to melt ice and snow requires specific technical
thermal, physical, and chemical properties to be compatible with the concrete system.
The desirable thermal properties include a phase transition temperature slightly above
0°C, high latent energy of fusion (>150 J g-1), high capacity and high thermal
conductivity. The PCM’s physical properties should include small volumetric changes
during phase transition, low vapor pressure and high density. The PCM’s chemical
properties should be compatible with the alkaline concrete environment, stable, nontoxic, and non-flammable. Additionally, for the application in airport runways, the PCM
needs to be commercially available, economical and environmentally sustainable.
The overall goal of the research is to create a novel phase change material that could be
successfully incorporated into concrete pavements to reduce the accumulation of ice and
snow on airport runways.
This work specifically addresses the development of a phase change material from biobased materials, specifically fatty acid methyl esters. The research hypothesis is that biobased phase change materials can be developed to meet the technical requirements for
use in concrete for mitigating ice/snow formation on aviation runways. This will be
addressed by:
1. Evaluating the thermal behavior of different lipid based mixtures.
2. Determining the melting/freezing temperatures of the mixtures.
3. Determining the enthalpy change during phase transitions.
Additionally, a supporting hypothesis is that the most PCMs developed can be
incorporated into the concrete system by absorption into lightweight aggregates. This
will be addressed through:
1. Determining the absorption capacity of two lightweight aggregates.
2. Determining the capacity of the PCM in an encapsulated shell.
This project is in collaboration with graduate research assistants, Yaghoob Farnam,
School of Civil Engineering and Matthew Krafcik, School of Materials Engineering at
Purdue University. Additional incorporation methods as well as the evaluation of the
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concrete properties once incorporated into the concrete system are addressed by my
collaborators [16].
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CHAPTER 2. LITERATURE REVIEW

Energy storage is a crucial factor in conserving the available energy and satisfying the
ever growing energy demands. Energy can be stored in many ways including mechanical
energy storage systems, electrical energy storage, and thermal energy storage. Solar
energy, which is only available during daylight, requires an efficient method for storing
thermal energy. Thermal energy can be stored through changes in a material’s internal
energy either by cooling, heating, solidifying or vaporizing. The stored energy is
released when the process is reversed. Thermal energy storage can be classified as
sensible heat storage, latent heat storage or any combination of these. Sensible heat
storage utilizes the materials specific heat capacity and density during heating or cooling.
Latent heat storage utilizes the materials specific heat of fusion or specific heat of
vaporization during the materials phase transition [17]–[19]. Both latent heat and sensible
heat energy storage may occur in the same storage material. Latent heat storage systems
use materials known as phase change materials, or PCMs, to store energy when the
material undergoes a phase change. This section will provide a review of many types of
phase change materials and their properties.
2.1

Phase Change Materials

Using PCMs as latent heat thermal energy storage is the most attractive method for
storing thermal energy. Thermal energy is stored through the endothermic process when
the PCM’s temperature rises and interactions between the PCM’s molecules separate.
Energy is stored in the material when the phase transition temperature range is reached,
the material’s temperature remains within this range until the material completely
changes physical states. The energy stored in the material is released when the reverse
phase transition occurs. Each phase transition in PCMs, whether it is solid-solid,
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solid-liquid, liquid-gas, or solid- gas, has a characteristic phase transition temperature,
where energy is stored at constant temperature. Additionally, PCMs are able to store
between five to fourteen times more heat per unit volume than sensible storage materials
[19]. A PCM’s storage capacity is given by:
=
Q m CP , s (Tm − Ti ) + am ∆H m + CP ,l (T f − Tm ) 

( 2-1 )

Where, Q is quantity of heat stored, m is mass of the material, Tm is the melting
temperature, Ti is initial temperature, T f is final temperature and am is fraction of the
material melted. CP ,l is average specific heat between Tm and T f , CP , s is average specific
heat between Ti and Tm , and ∆H m is heat of fusion per unit mass [18]–[20].
In general, most latent heat storage systems utilize phase transitions between the solidliquid phases because the large volume changes for solid-gas or liquid-gas transitions
make them impractical. There are a large numbers of PCMs known to undergo phase
transitions with a high heat of fusion in any desired temperature range [19], [21].
2.1.1

Criteria for PCMs

Employing phase change materials in latent heat thermal energy systems requires the
PCM to have specific thermodynamic, physical, kinetic and chemical properties that are
compatible with the entire system [17]–[23].
2.1.1.1 Thermodynamic Properties
•
•
•
•

Desirable phase transition temperature
High latent heat of fusion (enthalpy of fusion)
High specific heat (heat capacity)
High thermal conductivity

The operating temperature of the desired application should match the PCMs transition
temperature range. The latent heat of fusion per unit volume should be as high as
possible in order to reduce the amount of PCM needed to produce the same amount of
energy. High specific heat provides additional sensible heat storage effects. High
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thermal conductivity allows for a small gradient when charging and discharging the
stored energy.
2.1.1.2 Physical Properties
•
•
•
•

Small volume change
High Density
Congruent melting
Low vapor Pressure

Small volumetric changes during phase transition and high density are important for
reducing the size of the container holding the PCM. The PCM must exhibit congruent
melting, completely melting, in order to keep the liquid and solid phases homogenous.
When incongruent melting occurs, the differences between the liquid and solid densities
cause segregation leading to changes in the chemical composition of the PCM. These
changes reduce the storage capacity of the PCM as the number of freeze-melt cycles
increases. Low vapor pressure reduces the ability of the PCM to evaporate reducing
containment issues.
2.1.1.3 Kinetic Properties
•
•
•

Little to no supercooling.
High nucleation rate.
High crystallization rate.

Supercooling during freezing is undesirable because it can prevent the extraction of
stored energy from the PCM. A reduction in freezing temperature as little as five degrees
can prevent energy extraction from the material completely. A slow nucleation rate or
crystallization rate can cause high degrees of supercooling. High crystallization rate and
high nucleation rates reduces possible supercooling.
2.1.1.4 Chemical Properties
•
•
•
•

Long term stability
No chemical decomposition
Compatibility with system
Non-corrosive
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•
•

Non-toxic
Non-flammable and non-explosive

PCMs need to have long term stability and no chemical decomposition for a long material
life. The PCMs life can degrade from oxidation, hydrolysis, chemical decomposition or
interactions from the system. The PCMs compatibility and non-corrosive effect to the
surround system are both important for long system life. A non-toxic, non-flammable
and non-explosive PCM is important for safety reasons.
2.1.1.5 Economics
•
•

Cost effective
Commercially available

A PCM that is low cost and available for large scale operations is also important. In
many applications, it may be desirable to have PCMs that are created from renewable
resources to minimize environmental impacts.
2.1.2

Classification

Phase change materials can be classified by their based on mode of phase transitions:
solid-gas, liquid-gas, solid-liquid solid-solid. The solid-gas and liquid-gas phase
transition materials are impractical for application purposes because of the large
volumetric differences between states. PCMs often utilize the solid-liquid and solid-solid
transitions because they are economical and practical. Traditionally, solid-solid PCMs
are seen as an alternate to solid-liquid PCMs because the enthalpy from the phase
transition is generally lower than solid-liquid transitions [18].
PCMs can be divided based on the temperature range the phase transitions occur. There
are three main groups: low temperature PCMs – phase transition temperatures range is
less than 15°C, mid temperature PCMs – phase transition temperatures range between 1590°C, and high temperature PCMs – phase transition temperatures range above 90°C. A
majority of the research and industrial application of PCMs have focused on mid
temperature range PCM because of the practical temperature range in and around room
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temperature. [18]–[20], [22]. However, this research focuses on low temperature PCMs
because the desired temperature range will be near 0°C. The classification of latent heat
thermal energy storage PCMs can be seen in Figure 2.1-1 and the various classes of solidliquid PCMs will be discussed in this section.
Paraffin
Compounds
Solid-Gas

Organics
Non-Paraffin
Compounds

Liquid-Gas
Phase Change
Materials
Solid-Liquid

Salt Hydrate
Inorganics
Metallics

Solid-Solid

Organic-Organic

Eutectics

Inorganic-Inorganic
Organic-Inorganic

Figure 2.1-1. Classification of phase change materials

2.1.2.1 Inorganic Phase Change Materials
Inorganic PCM are further classified into salt hydrates, metallics and inorganic eutectics.
The most notable inorganic PCMs are salt hydrates.
2.1.2.1.1 Salt Hydrates
Salt hydrates, characterized by the general formula of AB ⋅ nH 2O , are inorganic salts
containing water. Salt hydrates are the oldest PCM group and have been extensively
studied for room temperature applications. Lists of various salt hydrates and their
properties can be found in literature [18]–[22]. Their high volumetric heat storage
capacity and good thermal conductivity makes them a very important class. The biggest
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problem with salt hydrates is incongruent melting. When salt hydrates melt, it is actually
a dehydration of the salt resulting in water a lower hydrated salt. Due to the density
difference between the remaining crystallized salt and water, the solid phase settles out
resulting in an irreversible melting-freezing cycle since the solid phase does not
recombine with the solution to reform the original salt hydrate [7], [19], [22]. This will
decrease the stored energy capacity with each charge-discharge cycle. Additionally, salt
hydrates have poor nucleating properties resulting in supercooling of the liquid prior to
crystallization. Salts hydrates are also corrosive to metals. However, there have been
steps taken to minimize the problems associated with supercooling and incongruent
melting of salt hydrates summarized in [19].
The need for external factors to prevent segregation and the corrosive nature of salt
hydrates makes this class of phase change material an unfavorable candidate for our
application.
2.1.2.1.2 Metallics
Metallic PCMs include low melting metals and metal eutectics. The use of metallic
PCMs have yet to receive a considerable amount of research due to the high weight per
area of volume of the materials. Metallic PCMs have high thermal conductivity and high
heat fusion per unit volume. Additionally, they have low specific heat and relatively low
vapor pressure [19]. Some examples of metallic PCMs can be found in [19] with
transition temperatures in the mid-temperature range. Metallic PCMs are not feasible for
the application in this research.
2.1.2.2 Organic Phase Change Materials
Organic PCMs can be further classified as paraffins, non-paraffins and organic eutectics.
Most organic PCM have several important properties. Organic PCMs melt congruently,
the ability to freeze and melt repeatedly without phase segregation. Organic PCMs often
have self-nucleating properties allowing for little or no supercooling. And lastly, they are
often non-corrosive [19], [22], [23].
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2.1.2.2.1 Paraffins
Paraffins are saturated hydrocarbons, n-alkanes, characterized by Cn H 2 n + 2 . Paraffins
generally are straight-chain hydrocarbons with the occasional branching near the end of
the chain. Pure paraffins only contain only one type of alkane. Paraffins with a chain
length between five and fifteen carbons are liquids and the rest are waxy solids. The
melting point of paraffins varies depending on their chain length. Generally, the melting
temperature and the heat of fusion will increases with the average length of hydrocarbon
chain in the material. Commercial paraffins are a mixture of different length
hydrocarbons produced from the distillation of crude oil. Paraffin wax is the most used
commercial organic PCM [20]. There has been significant amount of research done using
paraffins as PCM near 26°C in concrete because it is chemically stable, inactive in the
alkaline material and inexpensive [7]. Most paraffins are in the mid-temperature range
for PCMs. The properties of a few paraffins are listed in Table 2.1-1. There are many
reports compiling paraffins and their the properties [18]–[22].
Table 2.1-1. Properties of a select number of paraffins [24], [25]
Number of
Melting
Enthalpy of Vapor Pressure
Carbons Temperature (°C) Fusion (J g-1)
(kPa) (a)
n-Octane
8
-57.2
181.6
1.33(20)
n-Decane
10
-26.6
201.8
0.17(25)
n-Dodecane
12
-9.56
216.3
0.15(25)
n-Tetradecane
14
5.5
227.2
0.003(20)
n-Hexadecane
16
16.7
235.6
0.0002(25)
(a)
The temperature for the given vapor pressure

Using paraffins as PCMs have significant advantages. The crystallization properties of
the (CH 3 ) - chain in paraffins cause them to have high enthalpy of fusion. Paraffins are
chemically stable, non-corrosive, show little to no supercooling and little tendency to
segregate after many thermal cycles. However, there are some unfavorable
characteristics including low thermal conductivity in its solid state, non-compatibility
with plastic containers and moderate flammability. The vapor pressure depends on the
carbon chain length. The vapor pressure increases as the chain length increases. Shorter
paraffins, which have lower melting temperatures, have higher vapor pressures,
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increasing their volatility. Additionally, paraffins are not environmentally sustainable
because they are derived from petrochemical feedstocks [18]–[20], [22].
Although there has been extensive research on the use of paraffins particularly in
concrete applications at room temperature, paraffins will not be considered for this
application. The desirable transition temperature needs to be near 0°C, short chain length
paraffins have lower melting temperatures. However, shorter paraffins are more volatile
and vapors can be flammable which poses safety risks. Additionally, the desired PCM
should be from sustainable resources and paraffins are not.
2.1.2.2.2 Non-Paraffins
Non-paraffin organic PCMs encompass a large group of compounds with highly varied
properties. Extensive surveys identifying non-paraffin organic PCMs have been
conducted which include many esters, fatty acids, alcohols and glycols [19], [20], [22].
Each of these compounds will have its own properties, unlike paraffins where the
properties are similar between compounds.
Most of the interest in this group has been with fatty acids because of the availability in
suitable temperature ranges of 15 – 70°C and high heat of fusion, comparable to
paraffins. Fatty acids show reproducible melting and freezing behavior with little to no
supercooling and minor volumetric changes between the phases. They are often derived
from plant and animal sources; therefore, considered renewable. Fatty acids cost about
two times more than technical grade paraffin can be mildly corrosive. Recently, fatty
acids has become of interest for many low temperature latent heat energy storage systems
[19], [22], [26], [27].
For this research’s application, non-paraffin organic PCM are of particular interest
because of the use in low-temperature application and are available through renewable
sources.
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2.1.2.3 Eutectics
Eutectic mixtures or eutectics is a mixture of two or more components form a minimummelting composition, which melts and freezes congruently forming a mixture of the
component crystals during crystallization [19], [20], [26]. Eutectics in general have sharp
melting points and the volumetric energy storage density is slightly higher than the
individual components. These behaviors are desirable for the application in this research.
Eutectics can be organic-organic eutectics such as 91.67% tetradecane + 8.33%
hexadedance; inorganic-inorganic eutectics such as 66.6% calcium chloride hexahydrate
+ 33.3% magnesium chloride hexahydrate; or organic-inorganic eutectics such as 66.6%
urea + 33.4% ammonium bromide [19], [26]. Sari [28], conducted a study of eutectic
binary mixtures of fatty acids having a single lower melting temperature than of the pure
individual fatty acids. There are extensive reports of the possible eutectic PCMs and their
properties for use as thermal energy systems found in [18]–[22], [28], [29].
Eutectics are of particular interests for our application because of their ability to create
high heat of fusion mixtures that melt within a narrow temperature range. This allows the
energy released to occur at narrow temperature region rather than dispersing it over a
wide range. Additionally, eutectic mixtures of organic PCMs allows for an additional
melting temperature that is not available for pure materials. This will allow for designing
different mixtures to fit the required thermal properties for this research application.
2.2

Biologically Derived Non-Paraffin Organic PCMs

Renewable PCMs are attractive for this research due to their environmental benefits and
similar properties to hydrocarbon PCMs. Long chain fatty acid derivatives are
particularly of interest due to economic availability and wide range of physical/thermal
properties. There are a number of different biologically-based PCMs based on molecular
size and structures, which can provide a range of useful PCM properties.
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2.2.1

Fatty Acids

Fatty acids are classified as a non-paraffin organic. Fatty acids are carboxylic acids with
long chain hydrocarbon side groups, of CH 3 (CH 2 ) n ⋅ COOH , Figure 2.2-1c. Fatty acids
are the major components of lipids. Biologically derived fatty acids generally contain
between 10 to 20 carbons with the most common fatty acids containing 16 and 18
carbons. Fatty acids are categorized as saturated and unsaturated fatty acids, Figure
2.2-2. Saturated fatty acids have a fully reduced hydrocarbon chain, containing no
double bonds. Unsaturated fatty acids hydrocarbon chains contain double bonds. The
physical properties of fatty acids depends the number of carbons, the number of double
bonds, the position of double bonds and the configuration of the double bonds in the
hydrocarbon chain. The melting point of fatty acids increases with carbons in the
hydrocarbon chain and decreases with the number of (cis) carbon double bonds.
Therefore, saturated fatty acids tend to have higher melting points than saturated fatty
acids with the same number of carbons. The double bonds in unsaturated fatty acids
prevent efficient packing of the molecules in the solid phase. The reduced number of Van
der Waals interactions of unsaturated fatty acids causes the decrease in melting
temperatures with the increase in degree of saturation [30]. The melting point of a
mixture of fatty acid lipids can be controlled by its composition with a wide range of
melting points from -50°C to 70°C. Specific properties of fatty acids relating to phase
change materials can be found in Table 2.2-1.
O
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Figure 2.2-1. (a) Triacylglycerol (b) glycerol (c) fatty acid. Rn denotes hydrocarbon chain
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b.

a.

Figure 2.2-2. (a) Saturated stearic acid (b) unsaturated oleic acid

Table 2.2-1. Select fatty acids and their properties [24], [31], [32]
Acid
Compound
Code
Caprylic Acid
C8:0
Decanoic Acid
C10:0
Lauric Acid
C12:0
Myristic Acid
C14:0
Palmitic acid
C16:0
Stearic Acid
C18:0
Oleic Acid
C18:1
Linoleic Acid
C18:2
α-Linolenic Acid C18:3
Arachidic Acid
C20:0
Behenic Acid
C22:0
Lignoceric Acid C24:0

Molecular
Formula
C 8 H 16 O 2
C 10 H 20 O 2
C 12 H 24 O 2
C 14 H 24 O 2
C 16 H 32 O 2
C 18 H 36 O 2
C 18 H 34 O 2
C 18 H 32 O 2
C 18 H 30 O 2
C 20 H 40 O 2
C 22 H 44 O 2
C 24 H 48 O 2

Molecular
Enthalpy
Thermal
Weight
Melting of fusion Conductivity Density
(g mol-1) Point (°C) (kJ mol-1) (W/m K) (g mL-1)
144.21
16.4
21.35
0.15
0.90
172.27
31.4
27.99
0.15
0.91
200.32
43.8
36.65
0.16
0.95
228.37
54.2
45.10
0.16
0.966
256.42
62.5
54.94
0.17
0.968
284.48
69.3
61.30
0.17
0.93
282.46
13.4
39.60
0.17
0.83
280.45
-7.0
47.70
0.09
0.83
278.43
-11.3
n.a.
n.a.
n.a.
312.53
76.5
69.20
0.17
1.42
340.58
81.5
n.a.
0.18
0.84
368.64
87.5
n.a.
n.a.
1.43

2.2.2

Triacylglycerols

Fatty acids occur naturally as glycerol esters, commonly as triacylglycerols (TAGs).
Glycerol contains three carbon atoms attached to a hydroxyl group, Figure 2.2-1b.
Depending on the number of hydroxyl groups that are esterified with a fatty acid they are
termed monacylglycerols, diacylglycerols and triacylglycerols (TAG). Fats and oils
consist largely of triacylglycerols, or triglycerides. The individual composition of a TAG
is made up of three fatty acid moieties, shown by R n in Figure 2.2-1a. TAGs containing
one type of acyl chain are called mono-acid TAGs, and more than one type of acyl chain
are defined as mixed-acid TAGs [33]. An image of tristearin, a monoacid, is a TAG
containing three stearic acid moieties is shown in Figure 2.2-3.
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Figure 2.2-3. Tristearin triacylglycerol

TAGs are nonpolar, water-insoluble substances. Fats and oils are a complex mixture of
TAGs, each with varying the fatty acid composition depending on the source. Due vast
number of types, combinations, and positions of fatty acids moieties in TAGs, they can
have a significant range of physical properties. The physical properties of TAGs depend
on its fatty acid composition. Mixed-acid TAGs have complicated physical properties
because the middle carbon of the glycerol backbone is potentially asymmetrical to the
other carbon substituent causing steric hindrances. Animal fats contain a high content of
saturated fatty acids resulting in higher melting point and are often solid at room
temperature. Plants oils are often high in unsaturated fatty acids resulting in lower
melting points causing them to be liquid at low temperatures [30], [34].
Fats and oils could be used a PCMs. However, TAGs exhibit complex phase transitions
due to the individual fatty acid chain length, degree of unsaturation, and fatty acid
position in the TAG molecule. This complex nature can decrease the PCM’s energy
storage capacity. Further discussion of the complex physical nature of TAGs and its
derivatives will be discussed in Section 2.3. The approximate fatty acid composition that
are found in the TAGs in various oils can be seen in Table 2.2-2 [35].
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Table 2.2-2. Composition of various oils based on fatty acid mass percent [35]
Fatty
Acid Canola
C8:0
C10:0
C12:0
C14:0
C16:0
3.9
C16:1
0.2
C17:0
C17:1
C18:0
1.9
C18:1 64.1
C18:2 18.7
C18:3
9.2
C20:0
0.6
C20:1
1.0
C22:0
0.2
C24:0
0.2

Corn Olive Soybean

10.9

1.8
24.2
58.0
0.7

10.5
0.6
0.1
0.1
2.6
76.9
7.5
0.6
0.4
0.3
0.2
0.1

2.2.3

0.1
11.0
0.1

4.0
23.4
53.2
7.8
0.3

High Oleic
Soybean Coconut Palm
8.0
7.0
48.0
0.2
16.0
1.1
9.0
9.0
44.0
0.1

3.0
79.0
3.0
6.0

2.0
7.0
2.0

Palm
Kernel
3.0
4.0
45.0
18.0
9.0

4.5
39.2
10.1
0.4
0.4

3.0
15.0
2.0

0.1

Fatty Acid Methyl Esters

Fatty acid methyl esters (FAMEs) are methoxylated fatty acids. FAMEs are
commercially derived from plant and animal oils through a process known as
transesterification, shown in Figure 2.2-4. During transesterification, TAGs are mixed
with methanol and then catalytically converted into glycerol and fatty acid methyl esters.
Transesterification is a common method for the production of biodiesel. In fact, the
major component of biodiesel is fatty acid methyl esters. Fatty acid methyl esters behave
similarly to their corrresponding fatty acid. Unsaturated FAMEs have lower melting
temperatures and form less dense crystal structure than saturated FAMEs of the same
carbon number, similar to how fatty acids behave. The terminal carboxylate in a FAMEs
sigificantly changes their physical, chemical, and biological properties compared to
petroleum hydrocarbons of analgous [36]. Additonally, methyl esters are more stable
than their corresponding fatty acids because the carboxyl functional group is protected by
the methyl group[37].
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Figure 2.2-4. Transesterification

Most research about the thermophysical nature of fatty acid methyl esters is related to
biodiesel fuel and its low temperature flow properties [38]. Unsaturated fatty acid methyl
esters have melting points below 0°C and when added to saturated long chain FAME
helps cold flow properties of biodiesel. Additionally, the most common biodiesel is
derived from soybean oil, canola oil, used cooking oils, waste greases, and tallow.
Therefore, most of the literature about FAME is about long chain fatty acid methyl esters
[39]. Long chain fatty acids methyl esters are considered to have more than 16 carbons
in the hydrocarbon chain. Medium chain fatty acids have between 8 and 14 carbons.
Information about fatty acid methyl ester with melting temperature below ambient
temperature is often less readiably available. Properties of some fatty acid methyl esters
are listed in Table 2.2-3. The vapor pressures of a select number of FAMEs are listed in
Table 2.2-4.
FAMEs have recently become of interest for use as PCMs because their solid-liquid
transition occurs over narrow temperature ranges and their mixtures can form eutectics
with little to no supercooling. FAMEs are commercially available in large quantities
because they are produces for polymer, cosmetics, and textile industries [18].
Additionally, they are less corrosive than their fatty acid counterpart because the acidic
functional group has been methoxylated. Nikolic et al. [40], studied fatty acid esters for
use a PCMs in commercial building materials for room temperature applications using
methyl stearate and methyl palmitate. Suppes et al. [41] evaluated mixtures of alkyl
esters including methyl palmitate, methyl stearate, methyl oleate for use in HVAC
application.
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Table 2.2-3. Properties of fatty acid methyl esters [24], [32], [38], [39], [42]–[45]
Molecular
Compound
Acid Code Formula
Methyl Caprylate
MeC8:0
C 9 H 20 O 2
Methyl Decanoate
MeC10:0 C 11 H 24 O 2
Methyl laurate
MeC12:0 C 13 H 26 O 2
Methyl Myristate
MeC14:0 C 15 H 30 O 2
Methyl Palmitate
MeC16:0 C 17 H 34 O 2
Methyl Palmitoleate
MeC16:1 C 17 H 32 O 2
Methyl Stearate
MeC18:0 C 19 H 38 O 2
Methyl Oleate
MeC18:1 C 19 H 36 O 2
Methyl Linoleate
MeC18:2 C 19 H 34 O 2
Methyl Linolenate
MeC18:3 C 19 H 32 O 2
Methyl Arachidate
MeC20:0 C 21 H 42 O 2
Methyl Gadoleate
MeC20:1 C 21 H 40 O 2
Methyl Behenate
MeC22:0 C 23 H 46 O 2
Methyl Erucate
MeC22:1 C 23 H 44 O 2
Methyl Tetracosanoate MeC24:0 C 25 H 50 O 2
(a)
The temperature for density measurement.

Molecular Melting
Weight Point (°C)
158.24
-40
186.29
-18
214.35
5.2
242.40
19
270.46
30
268.44
-33.7
298.51
39.1
296.49
-19.9
294.48
-35
292.46
-49
326.56
45.8
324.55
-34
354.62
53.3
352.34
-1.1
382.66
61

Densitya Enthalpy
(kg/m3) (J g-1)
877.5(20)
n.a.
(20)
873.0
166.1
865.4(25) 187.7
863.2(25) 195.0
851(40) 201.0
865.1(25 170.6
849.7(25) 215.0
871.1(40) 159.0
883.4(25) 132.0
895.1(25) 121.0
848.7(40) 227.5
870.2(25)
n.a.
(40)
844.4
n.a.
(25)
867.1
155.0
873.8(25)
n.a.

Table 2.2-4. Vapor pressure for a select number of methyl esters [32], [45]
Compound
Vapor Pressure(a) (kPa)
Methyl Caprylate
MeC8:0
0.058(20)
Methyl Decanoate MeC10:0
0.0038(20)
Methyl Laurate
MeC12:0
0.00039(20)
Methyl Myristate
MeC14:0
0.000048(20)
Methyl Palmitate
MeC16:0
0.000018(30)
(a)
The temperature for the vapor pressure value.

2.3

Crystallization Behaviors & Polymorphism

The crystallization behavior of TAGs and their derivatives is important for understanding
the physical properties of the solid-liquid transition used for PCMs.
2.3.1

Polymorphism

Polymorphism is an important physical characteristic of any long chain molecule
including triacylglycerols and their derivatives. Polymorphism is the ability of a single
composition to crystallize in different crystal structures by changing molecular
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conformation or aggregation sate depending on the conditions [46]. The melting and
crystallization behavior will vary depending on each polymorph. Polymorphic
transformation and phase behaviors are largely dependent on the acyl - acyl interactions
in TAGs [33]. Additionally, polymorphic behavior is influenced by external factors such
as rate of temperature change, pressure, solvent, impurities, etc.
Polytypism has been found in n-alkanes, n-alcohols and fatty acids. Polytypism arises
from the alternative stacking modes of the same long-chain lamellae whereas,
polymorphism is a result of different molecular conformations and packing structures
resulting in different structures. Polytypism influences the materials thermodynamic and
mechanical properties[47].
There are three basic polymorphs of TAG crystals, α, β’, β; however, there have been at
least ten identified [33]. Monoacid TAGs exhibit typical α, β’, and β forms and mixedacid TAGs often form the more stable β’. These polymorphs are based on the subcell
structures, which are cross-sectional packing modes of the zigzag aliphatic chains, Figure
2.3-1 [48]. The β polymorph form has triclinic parallel (T ⫽ ) subcell where all the fatty

acid chain are in the same plane. The β’ polymorph has an orthorhombic perpendicular
(O ⏊ ) subcell structure, where the hydrocarbon chains are perpendicular to the planes of
neighboring chains. The α polymorph form has hexagonal subcell (H). The

hydrocarbons in the hexagonal subcell do not have a specific plane orientation [33], [47],
[49], [50]. In the solid state, TAGs pack together side by side, head-to-tail packing in
groups of two or three fatty acid chains creating chain length structures, see Figure 2.3-1
[33], [49], [51]. A double chain length structure usually forms when the three chain
moieties are the same or similar. Whereas, a triple chain length structure usually forms
from large differences in the moieties. These chain length structures play a large role in
mixing-phase behaviors of TAGs in solid phases [49]. The polymorphs are only
complicated by other polymorphs and multiple sub-modifications to the basic polymorph
structures.
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Figure 2.3-1. Chain length structures and location of subcell structure [51]

2.3.1.1 Saturated Mono-Acid TAGs
The characteristics of the polymorphic forms, α, β’, and β, of both even and odd chain
lengths saturated monoacid TAGs are discussed. The molecular packing for the α-form
is hexagonal for the unit cell and orthorhombic for the subcell. The β’ form has
monoclinic unit cell and orthorhombic subcell molecular packing. And the β form has
triclinic molecular packing for both the unit cell and subcell. Each polymorph has its
own number of variations that can form. The β form has two confirmed variations,
possibly three with five predicted variations on the polymorph. For odd chained
monoacid TAGs with 23 or less carbons there are two variations, even chains of 14
carbons or less there are three variations and for even chains with more than 16 carbons
there are two variation for the β’ polymorphic form. The α polymorphic form, there is
only one form for chains less than 20 carbons and two for chains greater than 20 carbons.
2.3.1.2 Unsaturated Mono-Acid and Mixed-Acid TAGs
The basic concepts of TAG polymorphism are derived from primarily saturated
monoacid TAGs. Unsaturated mono-acid TAG polymorphism varies significantly
between each TAG molecule. Most TAGs will exhibit the α-form but it’s very unstable.
Some TAGs will exhibit both β’ and a β form others will only have a stable β’ form and
no β form or only a stable β without a β’ form. In mixed-acid TAGs, β’ is the stable form
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because the packing requirements are less strict. Similarly, for mixed unsaturated and
saturated TAGs the β’ will be stable if the TAG is asymmetrical, meaning two
saturated/unsaturated fatty acids will occupy the R 1 & R 2 or R 2 & R 3 position on the
glycerol while the other position is occupied by the opposite type [52].
2.3.2

Polymorphic Stability

Each polymorph differs in its stability, melting point, melting enthalpy and density. The
β polymorph is usually the most stable because it has the tightest chain packing of the
three common polymorphs, resulting in the highest density, melting temperature and
melting enthalpy. The α-polymorph is the least stable having the lowest melting point,
melting enthalpy and density. Tighter structures occur with saturated TAG mixtures and
less dense networks than unsaturated TAG mixtures due to differences in carbon double
bond angles and lengths. This plays a large role in behaviors of TAGs in solid phases
[49], [52].
The thermodynamic stability of the polymorphs is determined by Gibbs free energy. The
driving force for transformations between polymorphs is the difference between their
respective Gibbs free energy. The polymorph with the lowest Gibbs free energy is the
most thermodynamically stable.
The relationship of the polymorphs and Gibbs free energy is shown in Figure 2.3-2; the β
form is the most stable, β’ form is metastable and α form is least stable. Other metastable
forms arise depending on the alkyl chain composition in the TAG.
Typically, TAGs exhibit a monotropic nature, when one polymorph is
thermodynamically more stable and the others are metastable under all conditions.
Therefore, the transformation to the more stable form will occur with sufficient time.
This results in each polymorph having its own melting temperature, shown when its
Gibbs energy value is the same as liquid, shown in Figure 2.3-2.
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Figure 2.3-2. Polymorph forms Gibbs free energy vs. temperature relationship [33]

2.3.3

Polymorphic Transformations

Transformation pathways between the three main polymorphic states are shown in Figure
2.3-3. All three polymorphic forms can be crystallized directly from the melt, this occurs
at its specific melting temperature. Increasing the temperature above the melting point of
each form melts the forms back to liquid. Transformation between polymorphs in a solid
state is possible through melt mediation transformation, recrystallization to the more
stable form after the melting of the less stable form. This often occurs from α to β
through the melting of α and the recrystallization into β. This process is irreversible. For
example, β form cannot melt and recrystallize back into β’ directly.

liquid
crystal

Melt

α

β'

β

Figure 2.3-3. Transformation pathways [33], [51]

Additionally, in some fat systems there are thermotropic liquid crystalline phases present.
These liquid crystalline phases occur before the crystallization of the polymorphic
crystals or as a metastable phase during melt meditated transformation [33], [47], [51].
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2.3.3.1 Saturated Mono-Acid TAGs
Monoacid saturated TAGs have been studied more than any other type of TAG. The
general thermal behavior of even carbon number monoacid saturated TAGs can be
represented by tristearin (SSS), Figure 2.3-4. When cooling a moderate rate from the
melt, an exotherm is observed for the crysallization of the least stable α polymorphic
form. Now, heating the sample induces the melting of the α-form, shown by the
endotherm, at about the same temperature of the α exotherm. Immediatiely after the α
endotherm, the exotherm associated with the recystallization of the α into the β form
occurs, followed by the endotherm of the β associated with the melting of the β crystal
into the liquid. The β’ form appear when the temperature is held slightly above the α
melting point before continuing to heat the sample. This behavior is essentially the same
for all saturated monoacid TAGs except for temperature variations due to the chain
lengths [50], [51]. Additionally, the β’ form of even-numbered saturated monoacid

endotherm

exotherm

TAGs is substantouly less stable than their odd-number counterparts [53].

50

α

β2'

β 1'

α

β
60

70

Temperature (°C)

80

Figure 2.3-4. Typical thermograph of saturated
monoacid TAGs, represented by tristearin [50], [51]

The melting temperature of the α polymorphic form of TAGs increases smoothly with the
chain length. However, the β and β’ polymorphic melting temperature increase in a
stepwise fashion because of the difference between the odd and even chain lengths. The
melting temperature for odd chain length is lower than even-numbered TAGs. The effects
is maintained also for the β polymorph. This reflects the less dense packing structues of
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odd chained TAGs because of steric hindrences and the more percise stacking structure
of the β form. The heat of fusion for the β form is greatest because the β’ and α forms are
less stable, therefore less energy is released [52]. Information about unsaturated
monoacid TAGs melting temperature and enthalpies associated with their polymorphs
can be found in literature[50].
2.3.3.2 Mixed-Acid TAGs
Mixed-acid saturated TAGs often have similar behavior to monoacid saturated TAGs but
can vary depending on the acyl chain length difference. Tabulated information about the
melting temperature and heat of fusion for saturated mixed acid TAGs can also be found
in literature [50]. Mixed saturated and unsaturated TAGs, especially mixtures of
palmitic, stearic and oleic combinations because of their importance in edible fats, have
been investigated in literature [33], [49], [51]. Studies of Sat-O-Sat TAGs, where Sat
represents a saturated fatty acid and O represents oleic acid in the TAG molecule, show
similar behaviors, the more stable polymorphic forms results in higher melting
temperatures than the unstable α and β’ forms [47], [51]. The relationship between Gibbs
free energy and temperature for the Sat-O-Sat TAGs are the more stable forms have
lower Gibbs free energy therefore, melt at higher temperatures [49]. The polymorphic
stability goes in order of the α-form as the least stable to the most stable form as β 1 .
Additional details about these types of TAGs polymorphic behaviors can be found in
elsewhere [51].
The number of combinations of fatty acid composition in TAGs is large, their thermal
behaviors display less patterns and are more specific to each TAGs. Only Sat-O-Sat
TAGs have been briefly discussed to give an impression of the complex polymorphism of
TAGs that can occur. Further details about various TAGs will not be discussed but can be
found in [47], [50].
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2.3.4

Polymorphic Melt Crystallization Behavior

Crystallization of TAGs and their derivatives to different polymorphic forms from the
melt is determined by both thermodynamic and kinetic factors. Although the solid
becomes more stable as the liquid is cooled below its melting point, the solid-liquid
transition does not occur spontaneously. Two events must occur for the solid phase to
precede, the formation of nuclei within the liquid and then the advancements of the nuclei
resulting in crystalline growth. The process of crystallization follows a path through the
transitory states; each requires an energy barrier to overcome. Crystallization of TAGs is
relativity slow because the long chains must align to form a stable crystal form. The
crystallization of α occurs more rapidly compared to β’ and β because of the activation
free energies for nucleation, as seen in Figure 2.3-5. The Gibbs energy for the α
polymorph is the highest and decreases to β’ and then to β, being the lowest; therefore,
the required driving force for crystallization is the lowest for α and highest for β. The
greater the activation energy required, the more difficult it is for the crystal nuclei to
form; this results in the metastable forms appearing quite stable. The metastable crystal
can change into a stable form via rearrangements of the structure unities until the
transformation is complete called solid-state phase transformation, or via melting and
recrystallization called melt-mediated phase transformations. Solvent-mediated phase
transformation occurs when a solvent is involved and the metastable phase dissolves and
a new phase forms from the solution [47], [49]–[51], [54], [55].

∆G#n
Melt
∆Gn

α
β'
β

Figure 2.3-5. Gibbs free energy of activation for the three basic
polymorphs and their thermodynamic stability. [55]
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The Ostwald step rule predicts that the phase transitions occur in steps through
successively more stable polymorphic phases. Thus, the metastable phases occur prior to
the more stable forms when there is large kinetic factor, such as undercooling or fast
cooling rates. When the liquid is cooled below its melting point, the driving force for
crystallization is established, this is proportional to the extent of undercooling. When
kinetic factors are minimized or other external factors are applied, such as crystal
seeding, pressure or temperature fluctuations, the Ostwald step rule fails and the more
stable forms nucleate without sequence. For example, when a sample is rapidly cooled
the melt will form the α polymorph, however, if the rate of cooling is slowed
significantly, the β’ polymorph can form directly from the melt [47], [49]–[51], [54].
2.3.5

Fatty Acids

Fatty acid crystal structures have been studied as an important component of lipids. The
differences in hydrocarbon chain length have a significant influence on polymorphism of
fatty acids.
2.3.5.1

Polymorphic Structures & Stability

Even saturated long chain fatty acids have four polymorph forms in the solid form, A, B,
C and E. The stability of the crystals increases from A, B, to C with E form being a
metastable phase as a precursor to the B form on solution crystallization. The melting
point decreases from C to E, then to B to A. All polymorphs can be obtained by solution
crystallization but only the C form can form through melt crystallization. The A form has
a triclinic T ⫽ subcell with chains are arranged parallel to each other, similarly to the β in

TAGs. The B, C and E all form orthorhombic O ⏊ subcells, acyl chains are perpendicular
to the neighboring acyl chains. The C form has a slightly higher tilt than the B form; this
increases the melting temperature slightly. In the E form, the acyl chains are in a trans
conformation E rather than the bent conformation around the carboxyl terminal like the
B-from. The crystals from the E form gradually transforms into the B form through solidstate phase transition and solution-mediated phase transition. The difference between odd
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and even chain fatty acids is in odd chain fatty acids the C’ (analogous to C for even)
form is only stable in a small temperature region near the melting point [47], [50].
Polymorphic behavior of unsaturated fatty acids is sensitive to the number of double
bonds, the location of the double bonds and the total chain length. Many crystalline
phases can occur with unsaturated fatty acid depending on the conditions. In cismonounsaturated fatty acids, there are four polymorphs possible, α, γ, β 1 , and β 2 . The
diversity of these fatty acids is largely due to the conformation of the cis-olefin group, the
rotation around the double bond, Figure 2.3-1. The most common polymorphs for cismonounsaturated fatty acids is α and γ. Details about each of these forms and
information about cis-polyunsaturated fatty acids can be found in [47], [50], [56].
2.3.5.2 Polymorphic Transformation
The polymorphic behavior of saturated fatty acids is dependent on the chain length and
whether it is odd or even length. The different polymorphic transition pathways for odd
and even saturated fatty acid are depicted in Figure 2.3-6. In the polymorphic transitions
for even saturated fatty acids, only the C polymorph can be obtained from the melt. The
transition from A to B to C is irreversible because the C form is the most stable. In the
polymorphic transitions for odd saturated fatty acids, only the B’ form can be obtained
from the melt. This is a result from the C’ form being only stable in a narrow range near
the melting point, therefore the B’ form is obtained instead. The B’ form is stable except
in small temperature ranges. The dashed lines are representation of solution-mediated
crystalline growth, more information can be found in [50].
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Figure 2.3-6. The polymorphic transformation pathways
in odd and even saturated fatty acid systems
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Unsaturated fatty acid polymorphic transformation pathways are specific to each fatty
acid due to the sensitivity of the chain length, double bond location, and number of
double bonds in the fatty acid. There are two reversible phase transitions found in cismonounsaturated fatty acids, the transition from γ⟷α found in oleic, palmioleic, erucic,
gondoic, and asclepic acids and γ 1 ⟷ α 1 found in erucic acid. Oleic acid is the most
commonly studies cis-monounsaturated fatty acids. The thermodynamic stability of the
Gibbs free energy to temperature relationship between the polymorphs is shown in Figure
2.3-7, [57]. Its polymorphic transition behavior determined by the thermodynamic
stability is shown in Figure 2.3-8.
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Figure 2.3-7. Gibbs free energy and
temperature relationship between
polymorphs [57]

2.3.6

α

Figure 2.3-8. Polymorphic
transitions of oleic acid

Fatty Acid Methyl Esters

There is very little literature about the physical behavior of fatty acid methyl esters during
crystallization and melting. Fatty acid methyl esters crystallization behavior recently has
become of interest for improving cold flow properties of biodiesel. A better
understanding of how the fatty acid composition affects the crystallization behavior of
fatty acid methyl esters allows for the improvement of cold flow properties of biodiesel.
Methyl oleate displays two polymorphs, a high and low melting polymorph. Both of
these polymorph have a triclinic-like parallel packing (T ⫽ ) subcell [58]. This would be
in agreement with [59], heating thermograph displayed a small endothermic peak
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followed by a medium sized exothermic recrystallization peak and a large endothermic
melting peak.
Methyl caproate (MeC6:0), methyl heptanoate (MeC7:0) both display polymorphism.
Methyl palmitate and methyl stearate also show polymorphism, though its less distinct
[60]. However, Suppes et al. [41], reported that methyl palmitate and methyl stearate did
not display polymorphism.
Foon et al. [59], analyzed the crystallization and melting behaviors of palm oil methyl
ester mixtures. Dunn [42], analyzed the crystallization behavior of methyl esters in order
to improve the cold flow properties of biodiesel. Dunn looked at how the saturated and
unsaturated methyl esters composition plays a role in the thermodynamics of nucleation
and crystallization of biodiesel. In addition, the study evaluated a couple of methods for
predicting the crystallization onset temperature of FAME mixtures. Further discussion of
fatty acid methyl ester mixtures is discussed in Section 2.4.3.
2.3.6.1 Crystal Structure
Methyl esters of even numbered fatty acids only have one crystal form, a dimeric form
with the chains tilted. Methyl esters of odd-numbered acids have two forms, one that is
at a slightly higher tilt than even numbered methyl esters and one monomeric form.
Methyl stearate is monoclinic with the carbon chains in the orthorhombic packing. The
molecules form double sheets (dimerization) which is seen in fatty acids. The structure is
similar to the B-form of stearic acid but at A-centering because of the lack of hydrogen
bonding see in fatty acids [61].
2.4

Solid – Liquid Phase Behavior

In a system of TAGs and their derivatives, the complexity is endless. The next
complexity is binary mixtures of TAGs, fatty acids and fatty acid methyl esters.
Understanding the phase behavior of theses mixtures gives us a better understanding on
how the fluid behaves at each stage. During crystallization, only the composition at the
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eutectic point has a sharp freezing and melting transition which is preferred for PCM
applications [41].
2.4.1

Triacylglycerols

There are four main types of phase diagrams that are commonly observed for TAGs,
monotectic continuous solid solutions, eutectic systems, monotectic partial solid
solutions, and peritectic systems. Monotectic continuous solid solutions are formed when
the melting temperature, volume, and polymorphism of the individual TAGs are similar.
An example of this is for binaries of SSS/SSE and POS/SOS (S: stearic acid, P: palmitic
acid, E: erucic acid, O: oleic acid). Eutectic systems, which are the most common for
TAGs binaries, occur when the TAGs differ in volume, shape and polymorph, but not in
melting temperature. Three examples for eutectic systems would be for PPP/SSS,
POS/POP, and SOS/SSO binaries. The monotectic partial solid solution form is similar to
the eutectic solution, but occurs when the melting temperatures differ, such as PPP/POP
binary mixture. The peritectic systems occur in mixed saturated and unsaturated systems
where at least one TAG has two unsaturated acids, resulting in the two solid solutions and
one liquid. Two examples of the peritectic system would be SOS/SOO or POP/POO
[51]. These diagrams are found in Figure 2.4-1.
The primary factors effecting binary TAG mixtures is the differences between the TAGs
in chain length, the degree of saturation and the position of the fatty acid in the TAG
molecule, and which polymorphs are involved. Often each polymorph will display
different phase behavior. As the difference between the pure TAG’s melting temperature
increases, the phase behavior shifts from eutectic to monotectic. With mixtures of monoacid saturated and mixed-acid saturated/unsaturated TAGs there are steric effects. Steric
hindrances affect the packing of the molecules resulting in less miscibility; therefore,
there is eutectic behavior for all the different polymorphs [51]. There are many ways for
modeling phase behavior of the solid-liquid equilibria of TAGs. Details of different
models is explored in [51].
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Figure 2.4-1. The four main solid-liquid phase diagrams for TAG binaries (a)
monotectic continuous (b) eutectic (c) monotectic partial (d) peritectic [51]

2.4.2

Fatty Acids

Studying fatty acid phase behavior is of importance for understanding more complex
physical properties of TAGs and mixture of TAGs. General rules of the phase behavior
of mixtures of fatty acids can be developed depending on the composition of saturated,
unsaturated, even-chain length and odd- chain length fatty acids [62].
Phase behavior of binary mixtures of fatty acids containing oleic acid (C18:1
monounsaturated fatty acid) have been reported [62]–[65]. Inoue et al. [62]–[64], studied
binary mixtures of oleic acid with saturated fatty acids varying lengths from C8 to C22
carbon. The study revealed that the phase behavior of the mixtures depended on the acyl
chain length of the fatty acids. With the saturated chain lengths C12:0 to C22:0, the
mixtures exhibited complete immiscibility of the two species in a solid phase. However,
when short fatty acids (C8 and C10) were combined with oleic acid, there was partial
mixing. What is unique about these binary studies is usually a mixture becomes
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immiscible with increasing chain length, in these studies it was the opposite. The unusual
mixing behavior is attributed to the cis-double bond at the center of the C18 acyl chain.
The cis-double bond divides the hydrocarbon chain causes each section to act
independently. This causes an affinity for the C8 and C10 saturated fatty acids and a
negative affinity for longer fatty acid chains [64]. A monotectic solid-liquid phase
diagram occurs for immiscible mixtures and a pseudo eutectic phase diagram occurs for
partially miscible mixtures.
Studies of binary mixtures of saturated fatty acids have been conducted [66]–[69]. Costa
and his colleagues showed that the binary mixtures of these fatty acids are much more
complicated that once thought. Previously, as a general rule, when fatty acids differ by
six or more carbon atoms, a simple eutectic system is formed with partial solid solution
near the extremes. This is the most common type of phase diagram in fatty acids. In
eutectic systems, the liquidus line in the phase diagram will have one clear inflexion
point whereas a peritectic system will have two definite inflexion points. However, Costa
et al. [67]–[69] proves otherwise that binary mixtures of fatty acids, including those
differing by six carbon atoms, actually have a much more complex phase diagram than
originally proposed through the use of multiple analysis techniques.
In 2007, Costa et al. [66] studied binary mixtures of saturated fatty acids with two, four,
six and eight carbon differences. The systems differing by six and eight carbons did
indeed display a simple eutectic phase diagram and the mixtures differing by two and
four carbons showed both peritectic and eutectic points. While examining differential
thermal curves from differential scanning calorimetry studies (DSC), the peak related to
melting temperature is the peak at the warmest temperature. At the pure composition of
the saturated fatty acid, one well-defined peak is observed. As more of the second fatty
acid is added to the mixture, the DSC thermal gram becomes more complicated, multiple
peaks can be observed. The presence of secondary peak and becomes more defined with
an increases in the secondary component along with the decrease in the melting
temperature peak. As these two peaks converge to either a eutectic point when only two
peaks are observed or a peritectic point when three peaks are observed. For the peritectic
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system, as the melting peak converges to the peak relating to the peritectic point, a third
peak emerges at a lower temperature relating to the eutectic temperature. With the
increase of the secondary component, the peritectic peak will decrease and the eutectic
peak will increase until the binary systems composition is near the eutectic composition,
in the appearance of one sharp peak. The peak relating to the eutectic point will now
decrease and another melting peak will emerge as the binary composition increases until
it is only the second fatty acid [66].
The onset temperatures for pure fatty acids are often reported for better results when
comparing against literature. However, for mixtures especially for determining the
liquidus line, the peak maximum temperature should be used and has been used by others
[62]–[64], [66].
The appearance of the peritectic point can be associated with the difference in number of
carbon atoms of the fatty acid chains used in the mixture [66]. The peritectic point
corresponds to the formation of a compound due to physical interactions or chemical
reactions. In the case of incongruent peritectic, its melting results in a liquid and a solid
with different composition from the solid compound that generates them.
Other transitions below the liquidus line may also occur. In fatty acid systems, it is
common for polymorphic transitions to occur in the solid phase as well as the formation
of dimers in the solid and liquid phases. Additionally, partial solid solution of fatty acids
on either edge of the phase diagrams can occur, especially in cases exhibiting simple
eutectic points. When subtle, not easily identified transitions occur in the thermograms,
interpreting these points can be very difficult. For better characterization of these
transitions, other techniques besides DSC should be employed such as Fourier transform
infrared spectroscopy (FTIR) and X-ray diffraction [66].
Costa et al. [67]–[69], did further studies using techniques in addition to DSC for the
phase behavior saturated fatty acid binary mixture and found that the phase behavior of
fatty acids were more complicated than originally reported in 2007 [66]. Binary mixtures
of even consecutive saturated fatty acids differing by two carbons actually displays two
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invariant points, a peritectic point which has been previously reported but also a
metatectic point, which was reported as transition in the solid phase. Through the use of
FT-RAM spectroscopy, X-ray diffraction, and polarized light microscopy measurements,
it was possible to identify the metatectic reactions and regions of complete miscibility
near the extremes of the phase diagram and at intermediate concentrations. Therefore,
fatty acid phase diagrams of mixtures of fatty acids are much more complex than
originally reported can found in [69].
Binary mixtures of saturated even numbered fatty acids differing by four carbon atoms
have similar complexity as binary mixtures differing by two carbon atoms reported in
[69]. However, there is a solid-solid transition below the eutectic temperature [68]. Also
stressed is the importance of further analysis besides conventional DSC analysis for the
correct interpretation of the phase diagram with metatectic regions and regions with
complete miscibility. Costa et al., proposed a global phase diagram for binary systems of
saturated even fatty acids differing by four carbons atoms, which is similar to Figure
2.4-2 [69].
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Figure 2.4-2. General phase diagram for fatty acids differing by more than 4 carbon atoms.
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mixture of the components. Ch solid phase after the metatectic reaction. l liquid phase.
Subscripts of a and b representing the mixture components [68],[69].
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In the final study of binary mixtures of fatty acids, Costa et al. [67] studied mixtures
differing by six carbon atoms. The phase diagrams determined in this study not only
displayed peritectic points but also metatectic reactions, which different from the simple
eutectic previously reported [66]. Similar to fatty acid binaries differing in four carbon
atom, there is the existence of a solid-solid transition below the eutectic temperature. This
transition occurs throughout the entire concentration range. The eutectic reaction is
confirmed by the inflexion point of the liquidus line. The peritectic reaction was
suggested by the transition point in the DSC thermograms and Tammann plot results.
Tammann plots are discussed in Section 2.4.4. The metatectic reaction for these phase
diagrams are confirmed through crystallization images of the mixtures through polarized
light microscopy. It would make sense that these phase diagrams would appear as a
simple eutectic without further analysis; however that is not the case. The phase diagram
of the binary system of lauric acid and stearic acid is presented by Costa et al. [67].
Phase diagrams for binary mixtures of fatty alcohols and mixtures of fatty alcohols and
fatty acids have been previously investigated. Although structurally similar to fatty acids,
the phase behavior of these systems although appear to be simpler. Further details about
binary systems of fatty alcohols can be found in [70]–[72].
2.4.3

Methyl Esters

Solid-liquid phase behavior of mixtures of fatty acid methyl esters is largely unexplored.
The desire to improve cold flow properties of biodiesel has brought the solid-liquid phase
behavior of mixtures of fatty acid methyl esters to light.
Bailey et al. [73] examined the phase behavior of binary mixtures of methyl
hetadecanoate, MeC17, with MeC12, MeC14, MeC18, methyl elaidate and methyl
petroselaidate. Both stable and metastable polymorphic behavior was observed for these
binary systems. The binary mixtures of saturated odd and even methyl esters are
influenced by the dimorphic characteristics of the even methyl ester. The mixtures of
odd numbered methyl esters with the unsaturated methyl esters appear to have been
stabilized by the unsaturated carbon chain. These phase diagrams were determined

36
through thermostatic sealed tube method, now through greater technical advances, the
solid-liquid phase behavior can be determined more accurately.
Lockemann and Schlunder [37] investigated the solid-liquid phase equilibria of methyl
myristate and methyl palmitate. This binary mixture is reported to have a eutectic type
phase equilibria with partially miscible solid solutions. However, with more advance
techniques, this phase diagram is inferior to a newer more complex phase diagram
between methyl myristate and methyl palmitate that Costa et al. [74] established, though
the liquidus lines are similar between the sources.
Costa et al. [74] established binary phase diagrams for methyl palmitate + methyl
stearate, methyl myristate + methyl palmitate and methyl myristate + methyl stearate.
The systems that only differ by two carbon atoms; the phase behavior was complex with
a eutectic, peritectic and metatectic reaction. The peritectic and metatectic reaction
isotherms occur a few degrees above the eutectic isotherm, similar to fatty acid systems.
Also, there were two solid-solid polymorphic transitions, which is common for systems
with long alkyl chains. These transitions can be confirmed with X-ray diffraction. Costa
et al. mentions specifically for the MeC16 + MeC18 binary system, that the phase
diagram could easily be over simplified for a eutectic and peritectic behavior but with the
use of polarized light optical microscope, the crystallization can be observed and note the
presence of a metatectic reaction. The metatectic reaction, γ ↔ α + l, is an isothermal
reversible reaction of a solid mixture (γ), which turns into a different solid phase (α) plus
a liquid phase (l) during cooling of system [74]. The binary system with four carbon
difference, methyl myristate and methyl stearate displayed a simple eutectic system based
off of the thermograms and confirmed by the Tammann plot. The results of these three
systems showed that the differences in alkyl chain size plays are more important role on
mixtures of methyl esters than on fatty acids.
When analyzing thermograms for fatty acid methyl esters, the onset temperature can be
very difficult to locate because of the presence of solid-solid transitions near the melting
temperature. This solid-solid transition was noted in both by Costa et al. [74] and
Kouakou et al. [75]. This transition results in larger discrepancies between literature
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values for the melting enthalpies. When the heating rate is very slow, the solid-solid
transition is present; however, if the heating rate is faster, the solid-solid transition is
completely merged with the melting temperature resulting in a larger melting enthalpy
value.
Methyl ester mixtures can exhibit freezing point depression, when the freezing point of
the solution is lower than the freezing point of the pure components. The freezing point
and crystallization of mixtures of FAME follows patterns between two predicted theories,
independent crystal freezing point depression theory and solid solution freezing point
depression theory [41]. The melting curves are generally better behaved near the eutectic
and may produce a sharp peak at the eutectic composition [39], [41], [42], [76].
2.4.3.1 Modeling Approach
As stated before, a model for predicting the onset crystallization temperature, also known
as the cloud point, for mixtures of fatty acid methyl esters is important for the biodiesel
industry. The freezing point depression theory which has often been used is only correct
for modeling the crystallization process of organic liquids. However, in the case of
FAME mixtures, they often follow independent crystallization of the solids described in
Equation 2-2 [77].
∆H fus
−
ln(γ i xi ) =
Rg

 1
1  ∆CP
 −
 −
T
MP
 f
 Rg

 MP
 MP  
+ ln 
1 −
 

Tf
 T f  


( 2-2 )

Where γ i and xi are the activity and mole fraction of species “i” in the liquid phase,

∆H fus enthalpy of fusion of the pure solute, Rg the universal gas constant, T f is the
crystallization onset temperature of the solute in solution, MP is the melting point of the
solute in pure form, and ∆CP is the differential heat capacity of species “i” between the
liquid and solid phase (CPL − CPS ) . The activity coefficient accounts for non-ideal behavior
in the liquid phase. Imahara et al. [76] simplified this equation and assumed γ i = 1 and
neglected the ∆CP for studying the cloud point of FAME mixtures. Dunn [39], [42],

38
investigated the model for cloud point behavior developed by Suppes et al. [77], shown
in Equation 2-2. It was found for mixtures of unsaturated and saturated fatty acid methyl
esters the ∆CP can be neglected for calculating T f , and the accuracy of the calculated T f
is highly dependent on the accuracy of the ∆H fus measurements. Also, there are some
indications of non-ideal solution behavior in unsaturated and saturated FAME mixtures
due to the calculated T f values being consistently lower than the measures freezing
points.
2.4.4

Tammann Plot

A Tammann plot (triangle) represents the enthalpy variation associated with isothermal
transition points as a function of the concentration of the mixture. A Tammann triangle
can be used to identify the concentration range that will exhibit the eutectic, peritectic,
and metatectic reaction. In addition to determining the phase regions, a Tammann
triangle can be used to determine the approximate composition of the eutectic point.
Often in practice it is difficult to generate the eutectic composition, so a Tammann plot
can be used to approximate it. The enthalpy values of each reaction should increase up to
the exact composition of the invariant point and then decrease linearly. Once the
enthalpies are plotted against the composition, the intersection of the two linear functions
corresponds to the approximate composition and enthalpy to the invariant point. Also, the
Tammann plot is used to determine where solid solutions would appear in the mixture.
The composition at which the linear functions of the enthalpies cross x-axis refers to
where the solid solution forms. If the function crosses at the minimum and maximum
concentration then no solid solution forms. In systems with only a eutectic point, the
enthalpy associated with the eutectic peaks will be inversely proportion to the enthalpy
associated with the melting peaks. An example Tammann plot is shown in Figure 2.4-3.
[67], [70], [74], [78].
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Figure 2.4-3. Tammann plot. () enthalpy of eutectic reaction; () enthalpy
of the peritectic reaction; () enthalpy of the metatectic reaction. Dotted and
solid lines are linear fits to the enthalpy points.

2.5

Phase Change Materials in Concrete

The use of phase change materials in building materials is an important method for
improving energy efficiency and indoor temperature comfort. Phase change materials
have been incorporated into many materials including wall materials, concrete bricks and
gypsum wallboards. This section will cover the use of phase change materials in
concrete.
2.5.1

Examples of PCMs in Concrete

2.5.1.1 Paraffin
Commercial paraffin can have a wide range of melting temperatures depending on the
number of carbon atoms. Further details about paraffin are discussed in Section 2.1.2.2.1.
Paraffin is one of the most popular PCMs in concrete because it is chemically stable and
inactive in the alkaline environment.
Paraffin (Unicere 55) with a melting temperature at ~53°C can be used in concrete which
experiences higher temperature such as in HVAC systems. Both autoclaved blocks of
concrete (low alkalinity) and regular blocks of concrete were immersed in paraffin. The
Unicere 55 successfully slowed down the time needed for the blocks to change
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temperature. Paraffin is stable in all concrete types because it is chemically inactive in
the alkaline environment, since it consists of only a mixture of alkanes [4], [7].
A paraffin mixture with a melting temperature near 5°C was used as a PCM for in studies
for reducing the number of freeze-thaw cycles that concrete would experience. The
paraffin showed no effect on the hydration reaction of the concrete. There was a slight
decrease in compressive strength in concrete with paraffin absorbed into LWA, however,
this is likely be due to the aggregate being weaker than sand used in concrete [4], [5].
2.5.1.2 Vegetable Oil
Vegetable oil with a melting temperature near 4°C was used as a PCM for decreasing the
number of freeze-thaw cycles that concrete would experience. However, vegetable oil is
known to retard and suppress cement hydration. It is important to understand how much
PCM can be absorb into aggregate to prevent drainage out of the pores and into the
system during hydration [4], [5].
2.5.1.3 Butyl Stearate
Butyl stearate has a transition temperature near 18°C, which is useful for room
temperature applications to maximize human comfort. Concrete blocks immersed in
butyl stearate were used to examine its thermal behavior. The use of butyl stearate
increased the amount of time for an autoclaved concrete block to reach a specific
temperature. However, the alkali in concrete can attack butyl stearate, because the atoms
are subjected to hydrogen bonding with the polar components in concrete. Therefore,
using low alkaline concrete is more suitable for butyl stearate [7], [79], [80].
2.5.1.4 Polyethylene Glycol
The use of polyethylene glycol (PEG) at various molecular weights has shown to
deteriorate in concrete. Concrete made with aggregate filled with PEG had significant
reduction in the compressive strength of the cured concrete, and retarded and suppressed
cement hydration. PEG tends to leave the LWA with a ‘wet’ appears. This behavior is
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because the long chain PEG molecules produce a high viscosity preventing the PEG from
evaporating or dripping away from the surfaces of the aggregate. The PEG remaining on
the surface of the aggregative is likely to have entered the water mixture and coat the
uncreated cement particles preventing hydration. Hydration is necessary for the various
component of concrete to form strong bonds. Therefore, if PEG would ever want to be
used in concrete, the PCM must be encapsulated by an inert material [4], [6].
2.5.2

Modeling PCMs to Reduce Concrete Freeze-Thaw Cycles

There have been a number of studies of the incorporation of phase change materials into
concrete to reduce the number of freeze-thaw cycles in bridge decks [4]–[6]. The
literature explored paraffin wax, vegetable oil, PEG400, PEG600, PEG1000, octodecane
and 10 other PCMs. A two part model was used for the effectiveness of the PCM to
reduce the freeze-thaw cycles. The CONCTEMP program developed at the National
Institute of Standards and Technology was used to determine the number of freeze/thaw
cycles of a bridge deck with a given PCM and the model for length of service life was
developed for the Indiana Department of Transportation. The details of these two models
can be found elsewhere [4]–[6]. Using the model it was found that 104 locations of the
237 investigated, would benefit from using approximately 2% by mass of PCM by
increasing the service life by at least one year. Primarily, the PCMs were effective in
milder weather regions such as the southeast and the Pacific Northwest coast. The region
of effectiveness increases through the center of the United Sates when the maximum 120
kg/m3 of PCM in incorporated [4], [5].
In addition, through the use of this model it found that an increase in the enthalpy of
fusion and selecting a PCM in the optimal melting temperature range both reduce the
number of freeze-thaw cycles. Also, increasing the thermal conductivity of the composite
materials in the concrete is only effective if the melting temperature is within the optimal
range otherwise, this increase will lower the effectiveness in decreasing the amount of
thermal cycles [4].
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2.5.3

Concrete Interactions with PCMs

Although, the main focus of this report is not on concrete behavior, there are still some
important properties that are need to for understanding the use of PCMs in concrete.
2.5.3.1 Chemical Composition & Chemical Compatibility
Concrete has a very alkaline environment. It is made up of water, cement, coarse
aggregate and fine aggregate. Cement is a dry un-reacted powder and once water is added
it becomes cement paste forming the glue to concrete. Ordinary Portland cement is made
up of:

3CaO ⋅ SiO2

Dicalcium silicate

C3 S
C2 S

Tricalcium aluminate

C3 A

3CaO ⋅ Al2O3

Tetracalcium aluminoferrite

C4 AF

4CaO ⋅ Al2O3 ⋅ Fe2O3 ⋅

Gypsum

CSH 2

CaSO4 ⋅ H 2O

Chemical activators

NS & KS

K 2 SO4 & Na2 SO4

Tricalcium silicate

2CaO ⋅ SiO2

When water is added to the cement, a hydration process begins, which is chemical
reactions between the cement components and water leading to the strength of concrete.
As the chemical reactions occur the cement paste hardens creating the concrete we see
outside; it is composed of:
Calcium silicate hydrate
Ettringite, aluminum trisulfate

C SH
AFt

Aluminum monosulfate
Calcium hydroxide, lime

AFm
CH

3CaO ⋅ 2 SiO2 ⋅ 4 H 2O

(CaO)3 ⋅ Al2O3 ⋅ (CaSO4 )3 ⋅ 32 H 2O
CaO ⋅ Al2O3 ⋅ CaSO4 ⋅12 H 2O
Ca (OH ) 2

Pore solution

SO42− & Na + & K + & OH − & Ca 2+

Water

H 2O

The pore solution is contained within the voids of the concrete from entrapped air. The
pore solution is saturated with calcium hydroxide along with the other auxiliary ions
depending on the supporting cementing materials added to the cement. The ion
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concentrations in the pore solution changes over time, eventually equilibrating to
concentrations of approximately 0.8 mol L-1 OH − , 0.06 mol L-1 K + , 0.2 mol L-1 Na + and
~ 0 mol L-1 Ca 2+ [81]–[83].
There are five types of Portland cement designated by ASTM, Types I-V. The primary
differences between types are the tricalcium silicate content, the rate of early hydration
and the resistance to sulfate attack. Type I is used for general purposes and used in most
buildings, bridges, and pavements. Type V is characterized for high sulfate resistances
containing very low C3 A used in areas where the concrete is exposed to high level of
sulfate ions[83].
Aggregates have a slightly different composition. The alkalinity of the aggregate pores
has to do with the K 2O , Na2O and CaO content. Expanded clay and fly ash has very low
alkaline content ( K 2O and Na2O ) and is essentially neutral and chemically stable.
Expanded perlite has a slightly higher alkaline content making it very weak alkalinity
[84], [85].
2.5.3.2 Pore Confinement
The phase behavior of a PCM confined within pores will behave differently than the
bulk. According to the Clapeyron equation (Equation 2-3), the phase behavior is affected
by the surrounding temperature and pressure.
dT T ⋅ ∆V fus
=
dp
∆H fus

( 2-3 )

In general during melting, both the enthalpy of fusion, ∆H fus = H L − H S , and the volume
change, ∆V fus =V L − V S , are positive for the liquid-solid transition. Inside the pore
space, the increase in the PCM’s volume during transition, leads to an increase in
pressure. In order for the equation to stay balance, the change in temperature must be
positive, resulting in an increase in melting temperature.
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Additionally, the pore size, shape, inter-connectivity and interaction between the PCM
and the surface of the pore all may affect the phase change behavior. Strong interaction
between the PCM and the inner pore surface will increase the transition temperature
whereas weak and repulsive type interactions will depress the transition temperature. The
strength of the interactions between the PCM and the pore surfaces is affected by the
alkalinity of the pores [84], [85]. Therefore, the method in which the PCM is
incorporated into the concrete is very important.
2.5.4

Incorporation Methods

The incorporation of phase change materials is important because organic PCMs can
interfere with the cementitious material if there is leakage and inorganic PCMs can lead
to corrosion of metal support bars [7]. There are three common methods for PCM
incorporation into concrete: immersion, impregnation, and direct mixing.
2.5.4.1 Immersion
Hawes et al. [80] introduced a simple immersion technique by soaking porous concrete
products into a liquid PCM. Both the PCMs properties and the concrete properties affect
the absorption of the PCM into the concrete while it’s immersed. The temperature,
viscosity and polarity of the PCM affect the penetration depth into the concrete. When
polar PCMs are introduced to the system, hydrogen bonding between the PCM and the
concrete can occur, slowing down the flow of PCM into the concrete. The concrete
structure including the absorption capacity, largely determined by the void fraction in
porous concrete, and the moisture content in the concrete will also affect this technique.
The immersion technique usually takes several hours [7].
2.5.4.2 Impregnation
The impregnation technique uses the porous aggregates as the vessel for holding the
PCM in concrete. Vacuum impregnation involves, evicting the air and water from the
aggregate pores using a vacuum, then soaking the aggregates in the liquid PCM and then
finally incorporating the pre-soaked PCM aggregates into the concrete. Ambient
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impregnation includes a simple immersion of the aggregates in liquid PCM for several
hours followed by the incorporation of the pre-soaked aggregates into the concrete.
Zhang et al. [86] successfully impregnated butyl stearate into three types of aggregates.
The geometrical features of the porous structures in the aggregates had a significant
effect on absorption capacity. Also, the phase changing behavior was affected by the
volume fraction of PCM in the aggregates. The onset temperature did not change with
the amount of PCM, but the maximum peak temperature and final melting point increases
linearly with the increase in PCM.
Zhang et al. [84] extended the impregnated technique by applying different coatings to
the impregnated aggregate before incorporating into concrete. Vacuum impregnation
was more effective in getting more PCM into the aggregate pores, when the pore sizes are
fine. In addition, the sealing the aggregate with a latex coating resulted in a 40-fold
sealing performance than that of normal concrete paste.
2.5.4.3 Direct Mixing
Direct mixing of a PCM with the various concrete components will negatively affect the
concrete properties and structure. However, PCMs can be incorporated via direct mixing
as long as they are encapsulated. The encapsulated shell around the PCM will provide a
chemically stable environment to hold the PCM, preventing interactions with the concrete
environment and provide a physical barrier to prevent the PCM from leaking out. The
shell’s hardness needs to be able to withstand forces from the mixing and curing
processes in concrete.
Hunger et al. [87] investigating the direct mixing of paraffin in a polymethyl
methacrylate microcapsules. This study demonstrated it is feasible to incorporate the
microcapsules into fresh concrete. There was a decrease in thermal conductivity and
increase in heat storage ability of the concrete. However, there was significant decrease
in strength and structural analysis showed that many of the capsules were broken and the
paraffin wax was released into the concrete matrix. Therefore, a recommendation for
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developing stronger shells to withstand the high alkaline environment and the mechanical
impacts of the mixer.
Similar results in another study using microencapsulated paraffin in an acrylic shell was
conducted by Dehdezi et al. [88]. Increasing the PCM content in the concrete led to an
increase heat storage capacity and a decrease in thermal conductivity; however, it led to a
decrease in compressive strength. The microcapsules shells also failed in their
experiments. The microanalysis showed that the PCMs remained intact during mixing
and failed by bursting under loading. These broken PCM capsules served as an initiation
point for cracks to form in the concrete.
Saukulich et al. [5] examined mortar samples created using both ambient impregnation
and direct mixing of encapsulated PCM. The mortar samples were created with paraffin
wax, vegetable oil for ambient impregnation and an encapsulated polymer for direct
mixing; these were compared again a control mortar. The compressive strength was
lower for all three samples. The microencapsulated polymer had the lowest compressive
strength likely because the capsules were relatively weak and acted as nucleating sites for
cracks. They cited possible reasons for the decrease in compressive strength for the PCM
in the LWA as the PCM dehydrating the system resulting in a lower degree of hydration,
the PCM could have acted as a retardant by coating the concrete thus reducing the rate
and degree of hydration or LWA is simply weaker than the sand. They offered advice on
combating these decreases.
To reiterate, the overall project goal is to create a novel phase change material that can be
successfully incorporated into concrete pavements to reduce the accumulation of ice and
snow on airport runways. This paper specifically addresses the development of a
sustainable phase change material from fatty acid methyl esters and the possible
incorporation methods for maximum amount of PCM into the concrete system. This will
be addressed by:
1. Evaluating the thermal behavior of different lipid based mixtures.
2. Determining the melting/freezing temperatures of the mixtures.
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3. Determining the enthalpy change during phase transitions.
4. Determining the absorption capacity of two lightweight aggregates.
5. Determining the capacity of the PCM in an encapsulated shell.
This project is in collaboration with graduate research assistants, Yaghoob Farnam,
School of Civil Engineering and Matthew Krafcik, School of Materials Engineering at
Purdue University. Additional incorporation methods as well as the evaluation of the
concrete properties once incorporated into the concrete system are addressed by my
collaborators [16].
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CHAPTER 3. MATERIALS AND METHODS

3.1

Materials

The various commercial oils used throughout this research are listed in Table 3.1-1.
Commercial biodiesel and fatty acids were also used during experimentation are listed in
Table 3.1-2. The various commercial methyl esters used throughout experimentation are
listed in Table 3.1-3. All chemicals used during experimental protocol are reagent grade
or better. The list of chemicals is in Table 3.1-4.
Two types of lightweight aggregate were used in this study. Buildex Marquette and
Haydite AX were the two types of LWA used; these are common LWA used in Midwest.
The properties of these LWAs are well described in [89]. In some experiments the
lightweight aggregate was separated based on size. The aggregate was sieved through a
series of sieves, sizes #4, #8, #16, #30 and #50. The aggregate that was retained on each
sieve is denoted as the type of LWA and that number, for example Buildex LWA retained
on sieve #4 is noted as B#4. The material that was retained on the pan is noted as pan.
Table 3.1-1. Commercial oils
Commercial Oils
Supplier
A1
Olive Oil
Great Value Brand Pure Olive Oil
A2
Corn Oil
Marsh Brand All natural
A3
Soybean Oil
Kroger Pure Vegetable Oil
A4
Canola Oil
Crisco Pure Canola Oil
A5 High Oleic Soybean Oil - Unbleached
Indiana Soybean Alliance
A7
Mineral oil
Johnson's Baby oil
A8
High Oleic Soybean Oil - Bleached
Indiana Soybean Alliance from tank 5
A10
Coconut Oil
LouAna Pure Coconut Oil
Poil
Paraffin Oil
Tiki Ultra-Pure Paraffin fuel, Lamplight Farms
Inc. – contains petroleum hydrocarbons

49

Table 3.1-2. Other commercial products
A6
F9

Other Commercial Products
Used Cooking Oil Biodiesel
Linoleic Acid

Supplier
Pacific Biodiesels
Sigma Aldrich - 60% purity CAS: 60-33-3

Table 3.1-3. Commercial methyl esters
MeC10:0
MeC12:0
MeC14:0
MeC16:0
MeC18:0
MeC18:1

Methyl Esters
Methyl Decanoate
Methyl Laurate
Methyl Myristate
Methyl Palmitate
Methyl Stearate
Methyl Oleate

Supplier
TCI America
SAFC Supply Solutions
SAFC Supply Solutions
Sigma Aldrich
Sigma Aldrich
ACROS Organics

Purity
99%
98%
98%
97%
97%
70% Tech

CAS
110-42-9
111-82-0
124-10-7
112-39-0
112-61-8
112-62-9

Table 3.1-4. Chemicals
Chemicals
MeOH
KOH
MgSO4
SDS
TEOS
HCl
EtOH

Grade
Methyl Alcohol
Potassium Hydroxide Pellets
Acetic Acid, Glacial
Magnesium Sulfate,Anhydrous
Urea
Sodium Dodecyl Sulfate
Tetraethyl Silicate
Hydrochloric Acid, 6M
Ethanol, Anhydrous
Hexane
Acetone

3.2

A.C.S.

A.C.S.
Ultra Pure
Reagent Grade 98%

A.C.S. HPLC Grade 95%

CAS
67-56-1
1310-58-3
64-19-7
78497-88-39
57-13-6
151-21-3
78-10-4
64-17-5
110-54-3
67-64-1

Preparation and Generation of Methyl Esters Mixtures
3.2.1

Transesterification

Various fatty acid methyl esters samples were generated from commercial vegetable oil
through transesterification. 500 mL of oil (see Table 3.2-1) was added to a 1000 mL flask
and heated to 50°C but not higher than 60°C. 130 mL of methyl alcohol and 0.045 g
potassium hydroxide pellets per mL of methyl alcohol were added to a 200 mL flask,
covered with aluminum foil to prevent evaporation, and stirred until the KOH pellets
dissolved. Once the oil had reached 50°C, the KOH/MeOH solution was slowly added to
the heated oil while stirred continuously on a hot stir plate at 65°C; this allowed the
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transesterification reaction to occur. After 90 min of transesterification, the mixture was
heated to 75°C to evaporate any un-reacted residual methyl alcohol. Glycerol was
separated from the generated fatty acid methyl esters in a separatory funnel overnight.
The methyl esters were washed with 200 mL of distilled water and 3 mL of acetic acid
followed by separation in a separatory funnel for 1 hour. This was repeated until the
wash layer in the funnel became clear. The methyl esters were transferred to a 1000 mL
flask and heated to 110°C to evaporate residual wash water. A summary of the generated
methyl ester samples is found in Table 3.2-1.
Table 3.2-1. Transesterification material summary
Oil Used
Generated Methyl Esters
A8
High oleic soybean oil High oleic soybean methyl esters
A2
Corn oil
Corn methyl esters
A4
Canola oil
Canola methyl esters
A10
Coconut oil
Coconut methyl esters

3.2.2

ME1
ME2
ME3
ME4

Drying Samples

Generated methyl ester samples were dried over anhydrous magnesium sulfate to remove
any residual water that may have remained after evaporation during the transesterification
procedure. 0.5 g of anhydrous magnesium sulfate per 100 mL of methyl esters were
added to a flask, covered, and placed for 15 min in an Orbit Lab-Line Environ-Shaker.
The MgSO 4 was separated from the dried methyl esters using a Whatman 1 filter paper.
3.2.3

Fractionation

Methyl esters were fractionated to generate various methyl ester mixtures to determine to
thermal properties and behavioral trends.
3.2.3.1 Urea Clathrates Fractionation
Methyl ester samples were fractionated to separate saturated and unsaturated methyl
esters [90]. The generated samples are listed in Table 3.2-2. 24 g of methyl esters, 160
mL of anhydrous ethanol, and 18 g of urea were mixed together and heated to 73°C. This
mixture was then cooled to 20°C while stirring continuously with a magnetic stir bar to
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form solid clathrates, which contained the saturated methyl esters. The solid clathrates
were separated from the liquid (unsaturated methyl esters and ethanol). The solid
clathrates were then dissolved in warm distilled water, to release the saturated methyl
esters from the clathrates. The saturated methyl esters were separated from the water and
dissolved clathrates using a separatory funnel. The separated saturated methyl esters
were dried over MgSO 4 using the protocol in Section 3.2.2.
The unsaturated methyl esters were extracted from the solvent (ethanol) through simple
distillation. The ethanol was evaporated from the liquid (mainly unsaturated methyl
esters) with a boiling point of 74-76°C. The ethanol was collected in the receiving flask
and disposed of. The unsaturated methyl esters remained in the distilling flask and were
washed with warm acidified water at 60°C pH 3.3 twice to dissolve any remaining urea.
The water and methyl esters were separated using a separatory funnel.
During fractionation of coconut methyl esters, only the saturated methyl esters were
collected from the solid clathrates. The unsaturated methyl esters which were dissolved
in the ethanol solvent were simply disposed.
Table 3.2-2. Generated samples from urea fractionation
Starting Sample
Generated Sample
ME3
Fractionated ME3 from the solids; contains most of the saturated ME3-SAT
ME3
Fractionated ME3 from the solvent; mainly unsaturated
ME3-UNSAT
ME4
Fractionated ME4 from the solids; washed with acidified water
ME4-F3
ME4
Fractionated ME4 from the solids; warm water wash
ME4-F4

3.2.3.2 Thermal Crystallization Fractionation
Coconut methyl esters (ME4) were fractionated based on temperature using refrigeration
and centrifugation.
Experiment 1
A sample of ME4, about 11 mL in a vial was placed in the fridge at 3°C until particles
formed. The vial was centrifuged using Beckman GS-6 centrifuge at approximately 2500
rpm for 5 min. The liquid layer was removed from the solids which collected at the
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bottom, Table 3.2-3. The fractionated portions were analyzed using gas chromatography,
Section 3.4.
Table 3.2-3. Thermal crystallization fractionation – experiment 1 samples
Starting Material
ME4
ME4

Generated Sample
Liquid portion after centrifugation
Solid portion after centrifugation

ME4-F1-aL
ME4-F1-aS

The fractionated samples were stored in the fridge overnight at -3°C. A solid and liquid
layer formed during overnight storage from ME4-F1-aL. A small aliquot of this liquid
was removed for analyzing on the GC. The rest of the ME4-F1-aL sample was
centrifuged for 15 min at 2500 rpm. The liquid was separated from the solids, Table
3.2-4, and analyzed on the GC.
Table 3.2-4. Thermal crystallization fractionation – experiment 1 part 2 samples
Starting Material
Generated Sample
ME4-F1-aL
Small Sample of Liquid after overnight storage at -3°C ME4-F1-aL-T2
ME4-F1-aL
Liquid portion after overnight storage and centrifugation ME4-F1-aL-bL
ME4-F1-aL
Solid portion after overnight storage and centrifugation ME4-F1-aL-bS

Experiment 2
Approximately 12 mL of ME4 was placed in a vial and centrifuged for 12 min at 2500
rpm. After centrifugation, the sample was placed in the fridge at -3°C for approximately
19 hours. The sample is removed from fridge and centrifuged for 15 min at 2500 rpm.
The liquid was removed from the solids, Table 3.2-5., and quantified using GC.
Table 3.2-5. Thermal crystallization fractionation – experiment 2 samples
Starting Material
ME4
ME4

Generated Sample
Liquid portion after centrifugation
Solid portion after centrifugation

ME4-F2-aL
ME4-F2-aS

The liquid sample, ME4-F2-aL, was centrifuged for 20 min at 2500 rpm then placed in
the fridge at -3°C overnight. The liquid layer was separated from the solids without
centrifugation to prevent the solids from melting; the separated portions were analyzed on
the GC. The separated samples were stored in the fridge at -3°C, Table 3.2-6.
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Table 3.2-6. Thermal crystallization fractionation – experiment 2 part 2 samples
Starting Material
ME4-F2-aL
ME4-F2-aL

Generated Sample
Liquid portion after stored at -3°C overnight
Solid portion after stored at -3°C overnight

3.2.4

ME4-F2-aL-bL
ME4-F2-aL-bS

Generation of Sample Mixtures

3.2.4.1 FAME Mixtures
Methyl ester mixtures were generated by blending various methyl esters together. The
mixtures were heated above their melting point using a water bath before mixing. The
approximate compositions were determined and the appropriate masses were combined.
The generated mixtures compositions were then analyzed using gas chromatography in
Section 3.4 to determine the exact composition.
Methyl palmitate and methyl stearate was added to ME1 to increase the saturated methyl
ester composition to 20%, 30%, and 40% mass percent (mixtures 1-6). Methyl palmitate
was added to ME2 and ME3 to increase the saturated methyl ester compositions to 20%,
30%, and 40% saturated methyl esters (mixtures 12-17). Methyl palmitate, methyl
stearate, and methyl oleate were combined together to form mixtures with less methyl
ester components (mixtures 7-11).
3.2.4.2 Binary Methyl Esters Mixtures
Binary mixtures of methyl laurate plus other methyl esters were generated to evaluate
their thermal properties. Methyl laurate (MeC12:0), methyl myristate (MeC14:0), methyl
palmitate (MeC16:0), methyl stearate (MeC18:0), methyl decanoate (MeC10:0) were
melted above their respective melting temperature before combining in a vial to form
mixtures based on mass fractions in the range of 0.00-1.00.
3.2.4.3 Vegetable Oil + Methyl Esters or Paraffin Mixtures
Mixtures of vegetable oils and methyl esters were generated. Methyl palmitate
(MeC16:0) was added to high oleic soybean oil (A8) and olive oil (A1) to have a mass
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percent of approximately 0%, 3%, 6%, and 9% methyl palmitate. The thermal properties
were analyzed in Section 3.5.5. The vegetable oil + methyl ester mixtures underwent
freezer observations found in Section 3.3.2. The samples names and composition is listed
in Table 3.2-7.
Mixtures of high oleic soybean oil (A8) and methyl palmitate (MeC16:0) or methyl
stearate (MeC18:0) were generated to have a total saturated methyl ester composition of
approximately 20% and 25%. Methyl palmitate and methyl stearate were heated above
their respective melting temperatures using a PolyScience Digital Temperature Controller
circulating water bath, model 8010. After the methyl esters were melted completely,
approximately 0.6 g, 0.9 g and 1.2 g of methyl esters were added to 3.5 g of oil to have a
final methyl ester composition of 20%, and 25%. These sample’s thermal properties
were determined using Section 3.5.5.
Mixtures of high oleic soybean oil (A8) and paraffin oil (POil) were generated to have a
mass percent composition of 10%, and 15% of paraffin oil. The thermal properties of
these mixtures were determined on the LT-DSC using Section 3.5.5.

Olive Oil

High Oleic Soybean Oil

Table 3.2-7. Oil + methyl esters sample names and mass percent added
Sample
HOSO-0
HOSO-1
HOSO-2
HOSO-3
HOSO-4
HOSO-5
HOSO-6
HOSO-7
HOSO-8
HOSO-9
OO-0
OO-1
OO-2
OO-3

Mass Percent Added (%)
MeC16:0 MeC18:0 Paraffin Oil
0
3
6
9
20
25
20
25
10
15
0
3
6
9
-
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3.3

Freezer Observations

A number of experiments were conducted for physical observations of the samples placed
in a freezer in order to gather a general understanding of the low temperature physical
behavior.
3.3.1

Initial Observations for Solidified Potential PCMs

10 mL of each sample (A1, A2, A3, A4, A5, A6, A7, F9) were placed in small glass vial
and then in a freezer at -16°C for an hour and a half for visual observations. The physical
state and the consistency of each sample were noted. The samples were allowed to warm
up to room temperature before the samples were placed in a refrigerator at 0.4–1.4°C for
1.5 hour before visual and physical consistency was noted.
3.3.2

Vegetable Oil + Methyl Esters

Mixtures of high oleic soybean oil and olive oil with methyl palmitate mass percent of
0%, 3%, 6% and 9% (Table 3.2-7) were placed in the freezer at temperature between
-21°C and -25°C. Observation and pictures were taken at short time increments.
3.3.3

Lightweight Aggregate with PCM

Experiment 1
Lightweight aggregate (Buildex #16) with corn methyl esters (ME2) absorbed into the
pores from vacuum absorption experiment (Section 4.4.1.2) were used. An sample of
aggregate, ~0.8 g, was added to a vial with 4 g distilled water and placed in the freezer at
-12°C for visual observations. The control was a vial with only distilled water.
Experiment 2
Lightweight aggregate with corn methyl esters absorbed via vacuum absorption was
added to a vial with distilled water and placed into the vial. For the control, distilled
water was added to plain Buildex #16 lightweight aggregate. Approximately 0.75 g of
Buildex #16 with ME2 and 6.12 g of distilled water added to each vial. The LWA to
water ratio for this experiment was approximately 1:8. These vials were placed into the
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freezer at -12°C for visual comparison. Thermometers were placed in the vials to record
the water temperature in addition to taking photos at short time increments.
Experiment 3
The same procedure as experiment 2, however, the aggregate to water ratio was increased
to about 1:2. Approximately 3.3 g of Buildex #16 lightweight aggregate with ME2-10
and 6.1 g of distilled water were placed in each vial. The control had only B#16
aggregate. The freezer was maintained at -11°C. The temperature was recorded for each
vial.
Experiment 4
The vials from experiment 2 were used in experiment 4, without any alterations to the
contents. An additional control vial was added to the experiment containing
approximately 6.1 g of distilled water without any LWA. The temperature was recorded
for all three vials.
3.4

Composition Quantification

The compositions of methyl ester samples and mixtures were determined using a Thermo
Scientific TRACE™ Ultra Gas Chromatograph (GC) equipped with a variable split flow
programmable temperature vaporizing injector (PTV), temperature programmable oven, a
flame ionization detector (FID) and a AS/AI 3000 auto-sampler and auto-injector.
3.4.1

Procedure

The GC operating conditions were configured to follow the standard method, EN 141032011 [91] and are listed in Table 3.4-1. The analytical capillary column used is a polar
EC™-WAX, 30 m length × 0.25 mm inner diameter × 0.25 µm film thickness (Part
Number 19655).
A “stock sample” was generated for each methyl ester sample to be run on the GC. The
methyl ester sample for analysis was diluted to 1% (w/v) in HPLC grade hexane.
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A GC vial for the auto-sampler is generated using 500 μL of stock sample, 500 μL of
HPLC grade hexane and 125 μL of the stock internal standard. 1 μL from the GC vial is
injected into the GC for analysis. All samples were run through the GC three times.
Table 3.4-1. Gas chromatography conditions
Inlet
Temperature
Split Flow

250°C
70 mL min-1
50:1 ratio
FID

Temperature
270°C
Air Flow
300 mL min-1
H2 Flow
30 mL min-1
Make-Up (He) Flow
30 mL min-1
Oven Program (Figure 3.4-1)
Initial
110°C
hold 0.5 min
Ramp 1
20°C min-1 to 130°C
hold 0.5 min
Ramp 2
30°C min-1 to 220°C
hold 1 min
Ramp 3
10°C min-1 to 250°C
hold 7 min

Carrier
Column Flow

Helium
1.4 mL min-1
Flow Mode
Constant
Auto-Sampler
Injection Volume
1 μL
Sampling Depth
Bottom
Injection Depth
Standard
Pre-Inj. Dwell Time
2 sec
Post-Inj. Dwell Time
3 sec
Auto-Injector Washes
Pre-Inj. Solvent
Hexane
Pre-Inj. Cycles
2
Sample Rinses
1
Post-Inj. Solvent Hexane + Acetone
Post-Inj. Cycles
10

Figure 3.4-1. GC oven program

The internal standard for quantification of the methyl ester composition was methyl
heptadecanoate, MeC17:0, (Fluka 51633-16; CAS: 1731-92-6 from Sigma Aldrich). A
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stock internal standard was generated to make a 1% (w/v) in hexane solution. 125 μL of
this stock internal standard was added to each of the GC vials as the internal standard.
The reference standard for determining the retention peak times for each methyl ester was
SUPELCO F.A.M.E. Mix C8-C24, 18918-1AMP, Lot: LC03081. The reference standard
was prepared by diluting it to 1% (w/v) in HPLC grade hexane and then run using the
same protocol for analyzing the methyl ester samples. The prepared sample was stored in
the freezer after use.
ChromQuest™ 4.2 was used for data collection and the analysis of the chromatographs.
The standard EN14103:2011 protocol was used for the analysis of the chromatographs
for determining the methyl esters mass percentages [91].
3.5

Thermal Analysis

To determine the thermal properties of the potential PCM samples, a TA Instruments
Q2000 low temperature differential scanning calorimetry (LT-DSC) instrument was used.
The heat flow and temperature associated with phase transitions in materials was
obtained. Indium was used for the DSC calibration. Dry nitrogen was used for the sample
purge gas with the flow rate regulated at 50 mL min-1. The thermograms were analyzed
using TA Instruments Universal Analysis 2000.
3.5.1

Oil Samples

Oil samples (A1, A2, A3, A4, A5, A6, A7, and A8) were first analyzed on the DSC for
understanding of TAG thermal properties. 23.1 ± 9.9 mg of oil was added to a Tzero
aluminum pan. First, the sample was heated at a rate of 10°C min-1 to 50°C and then it
equilibrated at 50°C to ensure the sample was completely liquid. Then, the sample was
cooled at a rate of 5°C to -100°C before the sample was heated back up to 50°C at a rate
of 10°C min-1.
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3.5.2

Mixtures of Methyl Esters

The methyl esters mixtures generated in Sections 3.2.1, 3.2.3.1, and 3.2.4.1 were
evaluated by using a sample mass of 11.5 mg ± 2.65 mg in a Tzero aluminum pan. The
initial temperature of the test was set to equilibrate at 40°C after increasing at a rate of
2°C min-1. After the initial temperature became stable, the LT-DSC cell was cooled to 80 °C at a cooling rate of 2°C min-1. The temperature was then increased to 40°C at a rate
of 2°C min-1.
The coconut methyl esters and fractionated coconut methyl esters were evaluated on the
DSC with a sample mass of 9.65 ± 0.15 mg in a Tzero aluminum pan. The sample first
equilibrated at 30°C and held at 30°C for 10 min before it was cooled at a rate of 10°C
min-1 to -30°C. The pan was held at -30°C for 30 min before heating to 50°C at a rate of
5°C min-1.
3.5.3

Binary Methyl Esters

The binary methyl esters samples were generated using the method in Section 3.2.4.2.
For initial binary thermal analysis, 6.6 ± 3.7 mg of each sample was placed in a high
volume Tzero pan. The sample equilibrated at 30°C and held isothermally for 10 min
before cooling to -30°C at rate of 5°C min-1 for LD an LM samples and 10°C min-1 for
LP and LS samples. The samples were held at -30°C for 30 min before heating to 30°C at
rate of 2°C min-1 for LD and LM samples and 5°C min-1 for LP and LS samples.
For the detailed thermal analysis of methyl laurate + methyl myristate and methyl laurate
+ methyl palmitate, a small quantity of each sample, 10.05 ± 2.05 mg, was placed in a
high volume Tzero pans with hermetic lid for thermal analysis. The samples were heated
at a rate of 5°C min-1 until 15°C above the melting temperature of the component in the
mixture with the higher melting temperature. The sample was isothermally held at this
temperature for 20 min and then cooled at a rate of 1°C min-1 to a temperature 25°C
below the melting temperature of the component in the mixture with the lower melting
temperature, this represents the cooling thermogram. The sample was held isothermally
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at this temperature for 30 min. The temperature was increased at a rate of 1°C min-1 to
heat the sample to the initial heating temperature, this is the heating thermogram [74].
This cooling and heating procedure was replicated at least three times for each sample.
The corresponding upper and lower temperatures for each binary are listed in Table
3.5-1.
Table 3.5-1. DSC temperatures for binary mixtures
LM
LP

Samples
MeC12 + MeC14
MeC12 + MeC16
MeC10
MeC12
MeC14
MeC16
MeC18

3.5.4

Upper Temperature
34°C
45°C
-3°C
20°C
34°C
45°C
55°C

Lower Temperature
-20°C
-20°C
-43°C
-20°C
-6°C
5°C
15°C

Lightweight Aggregate in DSC

Lightweight aggregate (B#16 and H#16) soaked in PCM for 24 hours were run on the
DSC to determine thermal properties. A small sample was place in a Tzero aluminum
pan. The pan was heated to 40°C at a rate of 2°C min-1 before equilibrating at 40°C.
Next, the pan was cooled to -80°C at a rate of 2°C min-1, before heated to -20°C at a rate
of 2°C min-1.
3.5.5

Vegetable Oil + Methyl Esters

Samples of high oleic soybean oil and olive oil with 3%, 6% and 9% by mass of
MeC16:0 were analyzed on the DSC using a Tzero aluminum pan, with a sample amount
of 16 ± 1 mg. First, the pan equilibrated at 20°C before it was cooled to -60°C at a rate of
2°C min-1. Then it was heated to 20°C at a rate of 2°C min-1.
The mixtures of high oleic soybean oil with MeC18 and MeC16 at 20% and 25% mass
percent and paraffin oil with mass percent of 10% and 15% were analyzed on the DSC.
The samples were first melted and stirred before a 7.6 ± 3.7 mg sample was added to a
Tzero aluminum hermetic pan. The pan equilibrated at 50°C then held isothermally for 10
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min. The pan was cooled to -50°C at a rate of 10°C min-1 and held isothermally for 30
min. The sample was heated to 50°C to melt the sample completely at a rate of 5°C min-1.
3.6

Incorporation into Concrete

Although the focus of this research is on the phase change material itself, the use of the
phase change materials in concrete is important for preliminary viability studies of the
physical application. The LWA’s absorbing capacity of PCM is important for
determining the total amount of ice that can be melted.
3.6.1

Impregnation of Lightweight Aggregate

3.6.1.1 Water Absorption
Water was incorporated into lightweight aggregate to be used as a baseline value of
maximum capacity for absorbing PCM. The absorption capacity of water for the LWA
was tested using a vacuum procedure [89]. To saturate the aggregate, the LWA was
placed in a desiccator and the air was evacuated to a pressure of 10 ± 5 mmHg for 3
hours. After evacuation and while still under vacuum, de-aerated water was introduced
into the desiccator to cover the specimens for 1 hour. LWAs were maintained submerged
under water for 18 hours. The water was removed from the surface of aggregate by using
a centrifuge [92]. The surface saturated dry (SSD) samples were then placed in a 105 °C
oven for a day and the water absorption was calculated. The mass percent absorbed was
calculated using Equation 3-1.
Mass %
=

LWASSD − LWADry
LWADry

×100

( 3-1 )

3.6.1.2 PCM Absorption
PCM was incorporated into the LWA pore via two different methods, ambient conditions
and vacuum conditions. The vacuum condition results were used as the maximum PCM
capacity for the LWA. The maximum PCM capacity was compared against the water
maximum absorption capacity.
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3.6.1.2.1 Ambient Conditions
Under ambient conditions, the LWA samples were weighed and placed into a flask. ME2
was added to completely submerge the LWA. The methyl esters were allowed to
penetrate the pores of the LWA for 24 hours. After, the excess PCM was filtered from
the LWA and then the LWA was toweled dried (SSD condition) and weighted. The
absorbed mass percent was calculated using Equation 3-1.
3.6.1.2.2 Vacuum Conditions
For absorption under vacuum conditions, LWA was weighed and placed into a flask. The
flask was exposed to vacuum pressure of approximately 80.5 kPa for 45 min. Methyl
esters (ME1) were then introduced into the flask, while still under vacuum pressure to
completely submerge the aggregate. Operation of the vacuum was stopped after all the
bubbles had ceased. Air was allowed back into the flask to drive the methyl esters into
the pores of the aggregate for 30 min [86]. The aggregate was filtered from the excess
methyl esters before being towel dried (SSD condition). The aggregate with PCM in the
pores was weighed to calculate the absorbed percentage, using Equation 3-1. The set up
for the vacuum absorption experiment can be seen in Figure 3.6-1.

PCM

Valve

Pressure
Gauge
Vacuum
Pump

LWA

Figure 3.6-1. Vacuum absorption apparatus set-up
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3.6.1.3 Extended Time PCM Ambient Absorption
Ambient absorption experiments were conducted using paraffin oil (POil) and ME2 for
Buildex Marquette lightweight aggregate mixture. The same protocol was used for the
24 hour paraffin oil absorption from Section 3.6.1.2.1. The 48 hour and 72 hour
experiments for paraffin oil and ME2- followed the same protocol except it was carried
out for 48 and 72 hours.
3.6.2

Encapsulation

3.6.2.1 Encapsulation of Methyl Laurate in SiO2
The methyl laurate was encapsulated in a silicon dioxide shell as a method for preventing
interactions between the concrete components and the phase change material [93].
Preparation of the methyl laurate O/W emulsion
In a beaker, different amounts of methyl laurate (MeC12:0) was added with SDS into
distilled water to form the solution. The component masses are listed in Table 3.6-1.
The solution was continuously stirred at 800 rpm for 1 hour with a magnetic stir bar,
while the temperature was controlled at 75°C. The methyl laurate was uniformly
dispersed in an aqueous solution containing SDS emulsifier to form the stable O/W
micro-emulsion.
Table 3.6-1. O/W emulsion composition
MCPCM1
MCPCM2
MCPCM3

Composition
60 g methyl laurate + 200 mL distilled water + 0.4 g SDS
30 g methyl laurate + 100 mL distilled water + 0.2 g SDS
30 g methyl laurate + 100 mL distilled water + 0.2 g SDS

Preparation of the microencapsulated methyl laurate with SiO2 shell
In another beaker, TEOS and anhydrous ethanol was added to distilled water to form a
solution; each amount is listed in Table 3.6-2. The pH of this solution was adjusted to 23 by adding HCl drop wise. The solution was stirred at a rate of 400 rpm with a magnetic
stir bar and temperature controlled at 60°C for 1 hour. After the hour, the hydrolysis
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reaction of the TEOS had taken place and the sol solution as the shell precursor was
obtained.
Table 3.6-2. Sol solution composition
MCPCM1
MCPCM2
MCPCM3

Composition
40 g TEOS + 40 g EtOH + 75 mL distilled water
20 g TEOS + 20 g EtOH + 37.5 mL distilled water
20 g TEOS + 20 g EtOH + 37.5 mL distilled water

The sol solution was added drop wise into the already prepared O/W emulsion stirring at
a rate of 300 rpm with a magnetic stir bar for 2 hours while the temperature was
maintained at 70°C. After 2 hours, the shell should form over the methyl laurate
emulsion.
Finally, the white solids were collected by via filtration using a Whatman 1 filter paper.
The solids were washed with distilled water; various washing procedures were conducted
listed in Table 3.6-3. The solids were dried in accordance to Table 3.6-4. The solids were
collected for characterization.
Table 3.6-3. Washing procedures
MCPCM1
MCPCM1-e
MCPCM1-wb

Washing Procedure
Multiple washes with distilled water until wash was clear
After water wash, washed with ethanol to help dry
Washed twice in a flask with distilled water before filtering

MCPCM3-v1
Washed with water and used vacuum filtration
MCPCM3-we1
Washed with water and EtOH
MCPCM3-ce1 Washed with water, centrifuged at 2000 rpm for 5 min, dried with EtOH
MCPCM3-c3
Washed with water and centrifuged at 2000 rpm for 5 min three times
MCPCM3-wc
Washed with water, then centrifuged at 2000 rpm for 5 min

Table 3.6-4. Drying procedures
MCPCM1
MCPCM2
MCPCM3

Vacuum Dried Procedure
Dried in vacuum oven at 50°C for 26 hours
No solids form to dry
Dried in vacuum at ambient temperature for 36 hours
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3.6.2.2 Analysis
The morphology of the solids formed from the encapsulation protocol was viewed using
a scanning electron microscope.
Additionally, evaluation of the thermal properties using the DSC is a convenient way for
determining if methyl laurate had been successfully encapsulated in the SiO 2 shell. An
sample, 8.4 ± 0.4 mg, of solids were placed in a Tzero aluminum pan with a hermetically
sealed lid. First the pan equilibrated at 30°C and held isothermally for 10 min before
cooling to -40°C at a rate of 5°C min-1. Then the was held for 30 min at -40°C before
heating to 30°C at 5°C min-1.
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CHAPTER 4. RESULTS

4.1

Composition

The composition of each of the generated samples was evaluated by gas chromatography
using the method found in Section 3.4.1. In this section, the results from the composition
analysis are given. The results are listed as mass percentages of each individual methyl
ester as part of the entire sample unless otherwise noted. An example chromatograph
from the analytical standard with the addition of the internal standard used is shown in
Figure B-1 in Appendix B. The content for each methyl ester was determined using
Equation 4-1.

C=

Aester M INST
×
×100
AINST
M

( 4-1 )

Where C is the mass percentage (mass/mass) of the methyl ester to be determined, A ester
is peak area corresponding to the methyl esters, AINST is the peak area for the internal
standard MeC17:0, M INST is the mass, in milligrams, of the MeC17:0 the internal standard
being used, and M is the mass, in milligrams, of the entire sample.
4.1.1

Methyl Ester Samples

4.1.1.1 Vegetable Methyl Esters
The composition of the vegetable methyl esters generated from transesterification of high
oleic soybean oil, corn oil, canola oil and coconut oil, Section 3.2.1, was determined on
the GC. The composition results of these samples are listed in Table 4.1-1. The error
represents one standard deviation between the three replicates for each sample.
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Table 4.1-1. Composition of vegetable methyl esters by mass percent
Sample
Methyl
Esters
ME1a
ME2
ME3
ME4
MeC8:0
0.00
0
0
6.92 ± 0.04
Me10:0
0.00
0
0
6.04 ± 0.02
Me12:0
0.00
0.00
0.00
47.12 ± 0.11
Me14:0
0.00
0.00
0.00
18.34 ± 0.05
Me16:0
6.07 ± 0.05 11.31± 0.08
4.52 ± 0.03
9.35 ± 0.05
Me16:1
0.13 ± 0.00
0.15± 0.01
0.25 ± 0.00
0.00
Me17:1
1.36 ± 0.01
0.00
0.00
0.00
Me18:0
4.28 ± 0.01
1.95 ± 0.01
2.14 ± 0.00
3.05 ± 0.02
Me18:1
76.79 ± 0.03 28.79 ± 0.04 62.45 ± 0.00
7.01 ± 0.05
Me18:2
7.40 ± 0.01 55.82 ± 0.05 19.40 ± 0.00
2.18 ± 0.05
Me18:3
2.51 ± 0.02
0.94 ± 0.00
8.40 ± 0.01
0.00
Me20:0
0.42 ± 0.01
0.43 ± 0.00
0.64 ± 0.00
0.00
Me20:1
0.43 ± 0.01
0.00
1.32 ± 0.02
0.00
Me22:0
0.46 ± 0.02
0.33 ± 0.01
0.36 ± 0.01
0.00
Me22:1
0.00
0.16 ± 0.00
0.24 ± 0.00
0.00
Me24:0
0.14 ± 0.01 0.133 ± 0.01
0.14 ± 0.00
0.00
Me24:1
0.00
0.00
0.12 ± 0.01
0.00
Total Saturated 11.36 ± 0.04 14.15 ± 0.07
7.82± 0.01 90.81 ± 0.10
a
The values for ME1 is the average ± 1 SD triplicate analysis for two batches
combined. Each value in the table represents the means ± SD of triplicate
analyses. Samples: ME1 is high oleic soybean methyl esters, ME2 is corn
methyl esters, ME3 is canola methyl esters and ME4 is coconut methyl esters.
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Figure 4.1-1. Composition of vegetable methyl ester samples.
For composition refer to Table 4.1-1.
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4.1.1.2 Fractionated Methyl Esters
Methyl ester samples were fractionated through urea fractionation (Section 3.2.3.1)
and crystallization fractionation (Section 3.2.3.2) in order to modify the methyl ester
composition in the samples.
4.1.1.2.1 Urea Fractionation
Urea inclusion compound based fractionation was performed on canola methyl esters
to separate out the saturated methyl esters and on coconut methyl esters to increase
the medium length saturated methyl ester content. The composition of fractionated
canola and coconut methyl esters by urea clathrates is listed in Table 4.1-2 displayed
in Figure 4.1-2.
Table 4.1-2. Composition of urea fractionated methyl esters samples by mass percent
Sample
Canola Fractionated
Coconut Fractionated
Methyl Esters
ME3-SAT
ME3-UNSAT
ME4-F3
ME4-F4
MeC8:0
0.00
0.00
3.85 ± 0.27
3.07 ± 0.06
MeC10:0
0.00
0.00
3.96 ± 0.17
3.39 ± 0.04
MeC12:0
0.00
0.00
39.23 ± 0.74
36.79 ± 0.23
MeC14:0
0.00
0.00
22.15 ± 0.12
23.18 ± 0.03
MeC16:0
10.54 ± 0.04
0.95 ± 0.01
17.44 ± 0.52
19.80 ± 0.16
MeC16:1
0.20 ± 0.02
0.32 ± 0.01
0.00
0.00
MeC17:1
0.12 ± 0.00
0.07 ± 0.13
0.00
0.00
MeC18:0
5.58 ± 0.01
0.08 ± 0.07
7.22 ± 0.28
8.38 ± 0.10
MeC18:1
63.35 ± 0.08
63.60 ± 0.09
4.83 ± 0.19
4.26 ± 0.05
MeC18:2
10.84 ± 0.02
23.70 ± 0.05
1.04 ± 0.03
0.79 ± 0.01
MeC18:3
3.54 ± 0.01
10.25 ± 0.01
0.00
0.00
MeC20:0
1.75 ± 0.02
0.00
0.23 ± 0.01
0.26 ± 0.00
MeC20:1
1.75 ± 0.02
1.02 ± 0.02
0.00
0.00
MeC22:0
0.96 ± 0.03
0.00
0.00
0.00
MeC22:1
0.55 ± 0.01
0.00
0.00
0.00
MeC24:0
0.42 ± 0.01
0.00
0.05 ± 0.04
0.08 ± 0.00
MeC24:1
0.41 ± 0.02
0.00
0.00
0.00
Total Saturated 19.24 ± 0.02
1.03 ± 0.06
94.13 ± 0.21
94.95 ± 0.06
Each value in the table represents the means ± SD of triplicate analyses. Samples: ME3SAT, fractionated canola methyl esters entrapped in the clathrates; ME3-UNSAT
fractionated canola methyl esters remained in the liquid solvent; ME4-F3 and ME4-F4
fractionated coconut methyl esters entrapped in the solid urea clathrates.
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Figure 4.1-2. Composition of UIC-based fractionated methyl esters compared against the
original methyl ester samples, (A) ME3 canola methyl esters, and (B) ME4 coconut methyl
esters. Refer to Table 4.1-2 for abbreviations.

The goal of the fractionating canola methyl esters was to remove the saturated methyl
esters from the sample. The fractionation of canola methyl esters resulted in two
samples with different compositions, Figure 4.1-2A. The methyl esters that were
entrapped in the urea clathrates (ME3-SAT) contained the saturated methyl esters
from the original ME3 sample. The methyl esters dissolved in the solvent and not
entrapped in the urea clathrates, ME3-UNSAT, consisted mainly of unsaturated
methyl esters. The saturated methyl esters content of both fractionated samples were
compared against the original composition, ME3, for statistical significance, Figure
4.1-3. Urea fractionation significantly increased the saturated methyl ester content
and decreased the unsaturated content in ME3-SAT and increased the unsaturated
methyl ester content and decreased the saturated methyl ester content in ME3UNSAT with α=0.05 and P<0.001.
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Figure 4.1-3. Saturated vs. unsaturated methyl esters for fractionated ME3 (canola
methyl esters) by mass percent. Error bars are not visible but are all < 0.6%.
Statistical significance P < 0.001.

Coconut methyl esters were fractioned using urea clathrates as a possible method to
increase the MeC14:0, MeC16:0 and MeC18:0 content of the sample. During the
fractionation protocol, Section 3.2.3.1, the solid urea clathrates were separated from
the liquid. The liquid portion was disposed and the protocol continued for the solid
portion to separate the entrapped methyl esters from the urea complex. In Figure
4.1-4A, the dashed region includes the methyl esters which increased in content from
the fractionation, MeC14:0, MeC16:0, and MeC18:0. The remaining methyl esters
decreased in content. Each of the samples’ methyl esters component means are
significantly different with P < 0.001 with α = 0.05. The methyl esters were grouped
by methyl myristate, methyl palmitate, and methyl stearate and then the remaining
methyl esters, Figure 4.1-4B. This shows the average of the desired methyl esters
increase and the other methyl esters decrease for both of the fractionated samples,
these are significantly different with an α = 0.05 and P < 0.001.
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Figure 4.1-4. Coconut fractionated methyl esters samples by individual methyl esters. (B)
Samples grouped the average methyl myristate (MeC14) + methyl palmitate (MeC16) +
methyl stearate (MeC18) contained and the remaining methyl ester content.

4.1.1.2.2 Crystallization Fractionation
Two experiments using thermal crystallization fractionation were conducted on
coconut methyl esters as a method for removing the low melting methyl esters to
increase the overall melting temperature of the sample. The samples’ composition
from the thermal crystallization fractionation experiments are listed in Table 4.1-3 by
mass percent.
These experiments were not as successful at altering the samples composition as urea
fractionation. In the first experiment, most of individual methyl esters deviated by
less than 0.3% from the original coconut methyl ester sample. Such a small variation
from the original sample would not alter the thermal behavior of the samples.
The second experiment was more successful in altering the composition original
coconut methyl esters. However, the deviations were still small, most varying
between 0.1-1.0% changes. The sample with the greatest changes to the methyl ester
content was ME4-F2-aS. The average change in the individual methyl ester
percentage was 0.55%. Although, experiment 2 did see an increase in altering the
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composition, it still is not great enough to change the thermal behaviors. Changes in
the individual methyl ester composition have been plotted for experiment 1 and
experiment 1 in Figure 4.1-5.
ME4-F1-aL
ME4-F1-aL-T2
ME4-F1-aS
ME4-F1-aL-bL
ME4-F1-aL-bS
ME4-F2-aL
ME4-F2-aS
ME4-F2-aL-bL
ME4-F2-aL-bS

1.0

0.5

0.0

-0.5
MeC8

MeC10

MeC12

MeC14

MeC16

MeC18 MeC18:1 MeC18:2

Figure 4.1-5. Individual methyl ester changes from crystallization fractionation of coconut
methyl esters.
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Table 4.1-3. Composition of crystallization fractionated coconut methyl esters samples by mass percent
Samples
Experiment 1
Experiment 2
ME4-F1
ME4-F1
ME4-F1
ME4-F2
ME4-F2
ME4-F2
ME4-F
-aL-bL
-aL-bS
-aL-T2
-aL
-aS
-aL-bL
-aL-bL
6.63 ± 0.05 6.66 ± 0.23 6.73 ± 0.19 6.89 ± 0.20 6.36 ± 0.24 6.36 ± 0.28 6.67 ± 0.10
5.95 ± 0.02 5.95 ± 0.12 5.99 ± 0.09 6.08 ± 0.11 5.72 ± 0.13 5.96 ± 0.13 5.99 ± 0.04
47.34 ± 0.26 47.30 ± 0.21 47.43 ± 0.16 47.62 ± 0.36 46.64 ± 0.40 47.58 ± 0.22 47.43 ± 0.07
18.58 ± 0.05 18.61 ± 0.17 18.50 ± 0.07 18.36 ± 0.28 19.26 ± 0.14 18.57 ± 0.17 18.45 ± 0.07
9.56 ± 0.09 9.56 ± 0.16 9.48 ± 0.11 9.34 ± 0.17 10.35 ± 0.25 9.52 ± 0.17 9.55 ± 0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
3.01 ± 0.03 3.00 ± 0.07 2.98 ± 0.06 2.94 ± 0.05 3.33 ± 0.11 3.02 ± 0.06 3.12 ± 0.02
7.01 ± 0.08 6.93 ± 0.15 6.94 ± 0.14 6.84 ± 0.13 6.47 ± 0.22 6.99 ± 0.16 6.78 ± 0.06
1.93 ± 0.02 1.98 ± 0.02 1.95 ± 0.05 1.93 ± 0.04 1.88 ± 0.06 2.00 ± 0.06 2.01 ± 0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Methyl
ME4-F1
ME4-F1
Esters
-aL
-aS
MeC8:0 6.88 ± 0.03 6.82 ± 0.21
MeC10:0 6.07 ± 0.00 6.04 ± 0.11
MeC12:0 47.63 ± 0.07 47.52 ± 0.22
MeC14:0 18.51 ± 0.08 18.51 ± 0.12
MeC16:0 9.33 ± 0.01 9.42 ± 0.15
MeC16:1 0.00
0.00
MeC17:1 0.00
0.00
MeC18:0 2.92 ± 0.02 2.93 ± 0.07
MeC18:1 6.76 ± 0.02 6.82 ± 0.16
MeC18:2 1.91 ± 0.01 1.93 ± 0.04
MeC18:3 0.00
0.00
MeC20:0 0.00
0.00
MeC20:1 0.00
0.00
MeC22:0 0.00
0.00
MeC22:1 0.00
0.00
MeC24:0 0.00
0.00
MeC24:1 0.00
0.00
Total
Saturated 91.33 ± 0.01 91.25 ± 0.19 91.06 ± 0.09 91.09 ± 0.17 91.11 ± 0.19 91.23 ± 0.17 91.66 ± 0.27 91.01 ± 0.22 91.21 ± 0.08
Each value in the table represents the means ± SD of triplicate analyses.
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4.1.2

Generated Mixtures

Various methyl ester mixtures were created by blending vegetable methyl esters samples
and commercially available methyl esters. The composition of the commercial methyl
esters were evaluated and are listed in Table 4.1-4.
4.1.2.1

Mixtures of Methyl Esters

Methyl palmitate was added to high oleic soybean methyl esters (ME1) for mixtures 1-3,
corn methyl esters (ME2) for mixtures 12-14, and canola methyl esters (ME3) for
mixtures 15-17 to increase the saturated methyl esters content. The compositions of these
samples are listed in Table 4.1-5.
Methyl stearate was added to ME1 for mixtures 4-6 to increase the saturated methyl
esters content. And mixtures of commercial sourced methyl palmitate, methyl stearate
and methyl oleate, were generated to have varying saturated methyl esters content,
mixtures 7-11. The composition of mixtures 4-11 are listed in Table 4.1-6.
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Table 4.1-4. Composition of commercial sourced methyl esters by mass percent
Methyl
Esters
MeC8:0
MeC10:0
MeC12:0
MeC14:0
MeC16:0
MeC16:1
MeC17:1
MeC18:0
MeC18:1
MeC18:2
MeC18:3
MeC20:0
MeC20:1
MeC22:0
MeC22:1
MeC24:0
MeC24:1

MeC10:0
0.00
99.54 ± 0.15
0.21 ± 0.00
0.00
0.00
0.00
0.00
0.00
0.05 ± 0.09
0.20 ± 0.06
0.00
0.00
0.00
0.00
0.00
0.00
0.00

MeC12:0
0.00
0.00
99.11 ± 0.01
0.19 ± 0.00
0.36 ± 0.01
0.00
0.00
0.00
0.21 ± 0.00
0.13 ± 0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Samples
MeC14:0
MeC16:0
0.00
0.00
0.00
0.00
0.20 ± 0.00
0.00
99.17 ± 0.01
0.18 ± 0.00
0.16 ± 0.02
98.96 ± 0.07
0.00
0.43 ± 0.00
0.00
0.00
0.00
0.00
0.29 ± 0.00
0.20 ± 0.01
0.19 ± 0.01
0.24 ± 0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

MeC18:0
0.00
0.00
0.08 ± 0.07
0.00
0.31 ± 0.00
0.00
0.00
98.08 ± 0.18
0.26 ± 0.00
0.23 ± 0.06
0.00
0.96 ± 0.02
0.00
0.04 ± 0.08
0.00
0.02 ± 0.04
0.00

MeC18:1
0.00
0.00
0.22 ± 0.00
2.33 ± 0.01
5.00 ± 0.02
5.52 ± 0.03
0.89 ± 0.01
1.49 ± 0.01
70.47 ± 0.08
11.79 ± 0.04
0.94 ± 0.14
0.00
1.36 ± 0.01
0.00
0.00
0.00
0.00

Total
Saturated
99.75 ± 0.15
99.67 ± 0.00
99.53 ± 0.01
99.14 ± 0.07
99.51 ± 0.06
Each value in the table represents the average ± one standard deviation of triplicate analyses.

9.04 ± 0.04
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Table 4.1-5. Composition of mixtures 1-3 and 12-17 by mass percentage
Samples
ME1 + MeC16:0
ME2 + MeC16:0
ME3 + MeC16:0
Methyl
Esters
Mixture 1
Mixture 2
Mixture 3
Mixture 12 Mixture 13 Mixture 14
Mixture 15 Mixture 16 Mixture 17
MeC8:0 0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
MeC10:0 0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
MeC12:0 0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
MeC14:0 0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03 ± 0.06 0.12 ± 0.00
MeC16:0 15.29 ± 0.02 25.83 ± 0.02 36.44 ± 0.03 17.49 ± 0.05 28.65 ± 0.10 39.70 ± 0.07 18.52 ± 0.21 29.66 ± 0.27 40.54 ± 0.29
MeC16:1 0.17 ± 0.01 0.20 ± 0.00 0.23 ± 0.00 0.19 ± 0.00 0.23 ± 0.01 0.27 ± 0.01 0.29 ± 0.00 0.32 ± 0.01 0.34 ± 0.02
MeC17:1 1.23 ± 0.00 1.08 ± 0.00 0.93 ± 0.00 0.00
0.00
0.00
0.00
0.00
0.00
MeC18:0 3.87 ± 0.00 3.39 ± 0.00 2.93 ± 0.01 1.88 ± 0.01 1.66 ± 0.00 1.35 ± 0.04 1.95 ± 0.01 1.70 ± 0.01 1.44 ± 0.01
MeC18:1 69.26 ± 0.03 60.62 ± 0.02 52.01 ± 0.08 26.42 ± 0.03 22.88 ± 0.04 19.29 ± 0.03 54.82 ± 0.31 47.23 ± 0.07 39.79 ± 0.21
MeC18:2 6.61 ± 0.01 5.77 ± 0.00 4.82 ± 0.05 52.31 ± 0.03 45.26 ± 0.11 38.19 ± 0.09 15.77 ± 0.09 13.52 ± 0.04 11.38 ± 0.06
MeC18:3 2.26 ± 0.00 1.99 ± 0.01 1.70 ± 0.01 0.84 ± 0.01 0.72 ± 0.04 0.62 ± 0.01 6.45 ± 0.01 5.51 ± 0.01 4.61 ± 0.03
MeC20:0 0.38 ± 0.00 0.33 ± 0.00 0.28 ± 0.00 0.40 ± 0.00 0.35 ± 0.00 0.30 ± 0.00 0.57 ± 0.01 0.50 ± 0.01 0.42 ± 0.00
MeC20:1 0.40 ± 0.02 0.34 ± 0.00 0.29 ± 0.00 0.32 ± 0.01 0.26 ± 0.02 0.23 ± 0.00 1.12 ± 0.01 0.99 ± 0.01 0.82 ± 0.01
MeC22:0 0.41 ± 0.00 0.35 ± 0.00 0.30 ± 0.01 0.04 ± 0.07 0.00
0.00
0.30 ± 0.00 0.26 ± 0.01 0.22 ± 0.00
MeC22:1 0.00
0.00
0.00
0.00
0.00
0.00
0.10 ± 0.18 0.19 ± 0.16 0.24 ± 0.00
MeC24:0 0.12 ± 0.00 0.10 ± 0.01 0.05 ± 0.05 0.12 ± 0.01 0.00
0.06 ± 0.10 0.08 ± 0.07 0.10 ± 0.01 0.09 ± 0.00
MeC24:1 0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
Total
Saturated 20.06 ± 0.02 30.00 ± 0.02 40.01 ± 0.05 19.93 ± 0.05 30.66 ± 0.10 41.40 ± 0.14 21.43 ± 0.24 32.24 ± 0.23 42.83 ± 0.28
Each value in the table represents the means ± 1SD of triplicate analyses. ME1 high oleic soybean methyl esters; ME2 corn methyl esters;
ME3 canola methyl esters; MeC16:0 is methyl palmitate.
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Table 4.1-6. Composition of mixtures 4-11 generated from methyl stearate and ME1 and mixtures of MeC16, MeC18, MeC18:1
Samples
MeC16 +MeC18
ME1 + MeC18:0
MeC16:0 + MeC18:1
MeC18:0 + MeC18:1
+MeC18:1
Methyl
Esters
Mixture 4
Mixture 5
Mixture 6
Mixture 7 Mixture 10
Mixture 8 Mixture 11
Mixture 9
MeC8:0 0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
MeC10:0 0.00
0.00
0.00
0.00
0.00
0.09 ± 0.00 0.00
0.00
MeC12:0 0.00
0.00
0.00
0.18 ± 0.00 0.16 ± 0.01 0.22 ± 0.00 0.22 ± 0.00
0.20 ± 0.00
MeC14:0 0.00
0.00
0.03 ± 0.05 1.90 ± 0.01 1.73 ± 0.03 1.88 ± 0.01 1.68 ± 0.00
1.89 ± 0.01
MeC16:0 5.48 ± 0.26 4.76 ± 0.06 4.23 ± 0.17 26.09 ± 0.19 36.37 ± 0.05 4.13 ± 0.02 3.69 ± 0.01
15.07 ± 0.05
MeC16:1 0.12 ± 0.01 0.11 ± 0.00 0.11 ± 0.03 4.42 ± 0.04 3.86 ± 0.22 4.31 ± 0.03 3.69 ± 0.19
4.41 ± 0.01
MeC17:1 1.24 ± 0.00 1.08 ± 0.01 0.92 ± 0.00 0.73 ± 0.00 0.64 ± 0.00 0.71 ± 0.01 0.63 ± 0.01
0.72 ± 0.00
MeC18:0 13.66 ± 0.11 24.33 ± 0.08 34.98 ± 0.26 1.34 ± 0.21 1.00 ± 0.00 23.69 ± 0.03 33.02 ± 0.10
12.16 ± 0.03
MeC18:1 69.46 ± 0.12 60.80 ± 0.03 51.86 ± 0.01 55.64 ± 0.05 48.25 ± 0.25 54.98 ± 0.05 48.28 ± 0.11
55.73 ± 0.02
MeC18:2 6.37 ± 0.01 5.60 ± 0.02 4.85 ± 0.01 7.42 ± 0.01 6.70 ± 0.03 7.59 ± 0.01 7.14 ± 0.02
8.01 ± 0.02
MeC18:3 2.30 ± 0.00 2.01 ± 0.01 1.71 ± 0.02 0.52 ± 0.02 0.46 ± 0.01 0.54 ± 0.01 0.49 ± 0.02
0.55 ± 0.02
MeC20:0 0.46 ± 0.01 0.52 ± 0.01 0.58 ± 0.00 0.00
0.00
0.24 ± 0.00 0.33 ± 0.00
0.14 ± 0.00
MeC20:1 0.39 ± 0.02 0.33 ± 0.01 0.31 ± 0.02 0.97 ± 0.03 0.82 ± 0.01 0.88 ± 0.03 0.83 ± 0.00
0.96 ± 0.01
MeC22:0 0.39 ± 0.01 0.35 ± 0.01 0.32 ± 0.01 0.24 ± 0.01 0.00
0.04 ± 0.06 0.00
0.10 ± 0.09
MeC22:1 0.00
0.00
0.00
0.00
0.00
0.23 ± 0.02 0.00
0.05 ± 0.09
MeC24:0 0.13 ± 0.01 0.11 ± 0.00 0.11 ± 0.00 0.29 ± 0.00 0.00
0.00
0.00
0.00
MeC24:1 0.00
0.00
0.00
0.28 ± 0.01 0.00
0.47 ± 0.02 0.00
0.00
Total
Saturated 20.12 ± 0.14 30.06 ± 0.05 40.25 ± 0.05 30.03 ± 0.00 39.30.066 30.29 ± 0.04 38.94 ± 0.09
29.57 ± 0.12
Each value in the table represents the means ± SD of triplicate analyses. ME1 is high oleic soybean methyl esters, MeC16:0 is
methyl palmitate, MeC18:0 is methyl stearate, MeC18:1 is methyl oleate.
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Figure 4.1-6. Compositions of mixtures 1-17. (A) Composition of mixtures of vegetable methyl
esters + methyl palmitate from Table 4.1-5 . (B) Composition of ME1 +methyl stearate and
commercial methyl ester mixtures from Table 4.1-6.

4.1.2.2 Binary Methyl Esters
Binary mixtures of methyl laurate with methyl decanoate, methyl myristate, methyl palmitate,
and methyl stearate were generated with varying mass fractions from commercially sourced
methyl esters. The composition of each mixture was analyzed on using GC, Table 4.1-7, Table
4.1-8, Table 4.1-9, Table 4.1-10, and Table 4.1-11.
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Table 4.1-7. Composition of methyl laurate + methyl myristate binary mixtures by mass percent
Samples
Methyl
Esters
LM-90
LM-85
LM-80
LM-75
LM-70
LM-65
MeC8:0
0
0.00
0
0
0.00
0
MeC10:0
0
0.00
0
0
0.00
0
MeC12:0 89.27 ± 0.19 84.43 ± 0.13 79.38 ± 0.20 74.60 ± 0.15 69.87 ± 0.29 65.09 ± 0.02
MeC14:0 10.11 ± 0.11 15.12 ± 0.06 19.95 ± 0.18 24.76 ± 0.14 29.95 ± 0.29 34.66 ± 0.03
MeC16:0
0.27 ± 0.01
0.07 ± 0.13
0.26 ± 0.01
0.25 ± 0.01
0.18 ± 0.00
0.25 ± 0.01
MeC16:1
0.00
0.00
0.00
0.00
0.00
0.00
MeC17:1
0.00
0.10 ± 0.00
0.00
0.00
0.00
0.00
MeC18:0
0.13 ± 0.01
0.17 ± 0.01
0.15 ± 0.00
0.10 ± 0.00
0.00
0.00
MeC18:1
0.15 ± 0.01
0.11 ± 0.00
0.16 ± 0.01
0.17 ± 0.00
0.00
0.00
MeC18:2
0.07 ± 0.06
0.00
0.10 ± 0.00
0.11 ± 0.00
0.00
0.00
MeC18:3
0.00
0.00
0.00
0.00
0.00
0.00
MeC20:0
0.00
0.00
0.00
0.00
0.00
0.00
MeC20:1
0.00
0.00
0.00
0.00
0.00
0.00
MeC22:0
0.00
0.00
0.00
0.00
0.00
0.00
MeC22:1
0.00
0.00
0.00
0.00
0.00
0.00
MeC24:0 0.000
0.000
0.000
0.000
0.00
0.000
MeC24:1
0.00
0.00
0.00
0.00
0.00
0.00
Total
Saturated 99.78 ± 0.07 99.79 ± 0.00 99.74 ± 0.01 99.71 ± 0.01 100.00 ± 0.00 100.0 ± 0.00
Each value in the table represents the average ± one standard deviation of triplicate analyses.

LM-60
0.00
0.00
59.81 ± 0.39
40.00 ± 0.38
0.18 ± 0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.000
0.00
100.0 ± 0.00

79

80

Table 4.1-8. Composition of methyl laurate +methyl myristate binary mixtures by mass percent
Samples
Methyl
Esters
LM-55
LM-50
LM-40
LM-30
LM-20
MeC8:0
0
0
0.00
0
0
MeC10:0
0
0
0.04 ± 0.07
0
0
MeC12:0
55.36 ± 0.45
49.58 ± 0.44
39.93 ± 0.16
31.36 ± 1.13
20.37 ± 0.27
MeC14:0
44.41 ± 0.44
50.03 ± 0.43
58.64 ± 0.19
68.40 ± 1.11
79.45 ± 0.32
MeC16:0
0.23 ± 0.01
0.23 ± 0.01
0.52 ± 0.00
0.24 ± 0.02
0.07 ± 0.06
MeC16:1
0.00
0.00
0.00
0.00
0.00
MeC17:1
0.00
0.00
0.00
0.00
0.00
MeC18:0
0.00
0.16 ± 0.02
0.87 ± 0.01
0.00
0.10 ± 0.10
MeC18:1
0.00
0.00
0.00
0.00
0.00
MeC18:2
0.00
0.00
0.00
0.00
0.00
MeC18:3
0.00
0.00
0.00
0.00
0.00
MeC20:0
0.00
0.00
0.00
0.00
0.00
MeC20:1
0.00
0.00
0.00
0.00
0.00
MeC22:0
0.00
0.00
0.00
0.00
0.00
MeC22:1
0.00
0.00
0.00
0.00
0.00
MeC24:0
0.000
0.000
0.000
0.000
0.000
MeC24:1
0.00
0.00
0.00
0.00
0.00
Total
Saturated 100.00 ± 0.00
100.00 ± 0.00
100.00 ± 0.00
100.00 ± 0.00
100.00 ± 0.00
Each value in the table represents the average ± one standard deviation of triplicate analyses.

LM-10
0.00
0.00
10.43 ± 0.06
89.50 ± 0.05
0.06 ± 0.11
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
100.00 ± 0.00
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Table 4.1-9. Composition of methyl laurate + methyl palmitate binary mixtures by mass percent
Samples
Methyl
Esters
LP-90
LP-80
LP-70
LP-60
LP-50
LP-40
MeC8:0
0
0.00
0
0
0.00
0
MeC10:0
0
0.00
0
0
0.00
0
MeC12:0 88.57 ± 0.46 78.50 ± 0.38 68.48 ± 0.77 58.97 ± 0.26 49.71 ± 0.32 41.04 ± 0.64
MeC14:0 0.37 ± 0.03 0.35 ± 0.01 0.39 ± 0.02 0.19 ± 0.00 0.20 ± 0.02 0.19 ± 0.00
MeC16:0 10.20 ± 0.35 20.34 ± 0.38 30.18 ± 0.73 40.64 ± 0.26 49.82 ± 0.31 58.45 ± 0.64
MeC16:1 0.03 ± 0.05 0.00
0.17 ± 0.00 0.20 ± 0.01 0.27 ± 0.01 0.32 ± 0.00
MeC17:1 0.00
0.00
0.00
0.00
0.00
0.00
MeC18:0 0.18 ± 0.01 0.18 ± 0.00 0.18 ± 0.00 0.00
0.00
0.00
MeC18:1 0.24 ± 0.02 0.25 ± 0.00 0.23 ± 0.01 0.00
0.00
0.00
MeC18:2 0.41 ± 0.02 0.38 ± 0.02 0.37 ± 0.01 0.00
0.00
0.00
MeC18:3 0.00
0.00
0.00
0.00
0.00
0.00
MeC20:0 0.00
0.00
0.00
0.00
0.00
0.00
MeC20:1 0.00
0.00
0.00
0.00
0.00
0.00
MeC22:0 0.00
0.00
0.00
0.00
0.00
0.00
MeC22:1 0.00
0.00
0.00
0.00
0.00
0.00
MeC24:0 0.000
0.000
0.000
0.000
0.00
0.000
MeC24:1 0.00
0.00
0.00
0.00
0.00
0.00
Total
Saturated 99.32 ± 0.08 99.37 ± 0.03 99.22 ± 0.03 99.80 ± 0.01 99.73 ± 0.01 99.68 ± 0.00
Each value in the table represents the average ± one standard deviation of triplicate analyses.

LP-30
LP-20
LP-10
0.00
0
0
0.00
0
0
30.46 ± 0.22 21.87 ± 1.93 10.78 ± 0.22
0.20 ± 0.00 0.18 ± 0.01 0.19 ± 0.00
68.66 ± 0.21 77.45 ± 1.84 88.56 ± 0.22
0.36 ± 0.00 0.40 ± 0.00 0.46 ± 0.00
0.00
0.00
0.00
0.31 ± 0.00 0.10 ± 0.18 0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.000
0.000
0.000
0.00
0.00
0.00
99.64 ± 0.00 99.60 ± 0.00 99.54 ± 0.00
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Table 4.1-10. Composition of methyl laurate + methyl decanoate binary mixtures by mass percent
Methyl
Esters
LD-90
LD-80
MeC8:0 0.00
0.00
MeC10:0 89.41 ± 0.07 79.28 ± 0.14
MeC12:0 10.17 ± 0.02 20.72 ± 0.14
MeC14:0 0.00
0.00
MeC16:0 0.00
0.00
MeC16:1 0.00
0.00
MeC17:1 0.00
0.00
MeC18:0 0.05 ± 0.09 0.00
MeC18:1 0.21 ± 0.06 0.00
MeC18:2 0.15 ± 0.05 0.00
MeC18:3 0.00
0.00
MeC20:0 0.00
0.00
MeC20:1 0.00
0.00
MeC22:0 0.00
0.00
MeC22:1 0.00
0.00
MeC24:0 0.000
0.000
MeC24:1 0.00
0.00

LD-70
0.00
69.22 ± 0.09
30.23 ± 0.03
0.00
0.15 ± 0.00
0.00
0.00
0.00
0.22 ± 0.10
0.19 ± 0.00
0.00
0.00
0.00
0.00
0.00
0.000
0.00

Samples
LD-60
LD-50
LD-40
LD-30
LD-20
LD-10
0.00
0.00
0.00
0.00
0.00
0.00
59.94 ± 0.60 49.58 ± 0.17 40.22 ± 0.04 29.46 ± 0.11 19.64 ± 0.22 9.85 ± 0.03
39.97 ± 0.52 49.85 ± 0.20 59.57 ± 0.03 69.83 ± 0.13 79.99 ± 0.22 89.38 ± 0.06
0.00
0.00
0.04 ± 0.07 0.13 ± 0.00 0.15 ± 0.00 0.17 ± 0.00
0.10 ± 0.08 0.19 ± 0.00 0.17 ± 0.01 0.23 ± 0.01 0.22 ± 0.01 0.28 ± 0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.13 ± 0.00 0.00
0.14 ± 0.01
0.00
0.16 ± 0.01 0.00
0.15 ± 0.01 0.00
0.15 ± 0.01
0.00
0.22 ± 0.04 0.00
0.06 ± 0.06 0.00
0.03 ± 0.06
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.000
0.00
0.000
0.000
0.000
0.000
0.00
0.00
0.00
0.00
0.00
0.00

Total
Saturated 99.63 ± 0.09 100.0 ± 0.00 99.60 ± 0.10 100.0 ± 0.00 99.62 ± 0.03 100.0 ± 0.00 99.78 ± 0.06 100.0 ± 0.00 99.81 ± 0.07
Each value in the table represents the means ± 1 standard deviation of triplicate analyses.
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Table 4.1-11. Composition of methyl laurate + methyl stearate binary mixtures by mass percent
Samples
Methyl
Esters
LS-90
LS-80
LS-70
LS-60
LS-50
LS-40
LS-30
MeC8:0 0.00
0.00
0.00
0.00
0.00
0.00
0.00
MeC10:0 0.00
0.00
0.00
0.00
0.00
0.00
0.00
MeC12:0 89.02 ± 0.11 78.66 ± 0.23 70.09 ± 0.63 60.45 ± 0.41 51.24 ± 1.07 39.23 ± 0.09 30.11 ± 0.48
MeC14:0 0.39 ± 0.01 0.38 ± 0.01 0.15 ± 0.00 0.13 ± 0.00 0.00
0.00
0.06 ± 0.10
MeC16:0 0.32 ± 0.00 0.32 ± 0.00 0.37 ± 0.05 0.38 ± 0.07 0.29 ± 0.00 0.26 ± 0.00 0.35 ± 0.00
MeC16:1 0.00
0.00
0.00
0.00
0.00
0.00
0.00
MeC17:1 0.00
0.00
0.00
0.00
0.00
0.00
0.00
MeC18:0 9.85 ± 0.03 19.94 ± 0.25 28.57 ± 0.69 38.66 ± 0.42 48.00 ± 1.05 59.91 ± 0.09 68.74 ± 0.41
MeC18:1 0.21 ± 0.00 0.23 ± 0.01 0.19 ± 0.02 0.00
0.00
0.00
0.06 ± 0.05
MeC18:2 0.18 ± 0.06 0.27 ± 0.13 0.35 ± 0.00 0.00
0.00
0.00
0.00
MeC18:3 0.00
0.00
0.00
0.00
0.00
0.00
0.00
MeC20:0 0.03 ± 0.06 0.20 ± 0.00 0.29 ± 0.00 0.38 ± 0.01 0.47 ± 0.01 0.60 ± 0.00 0.69 ± 0.01
MeC20:1 0.00
0.00
0.00
0.00
0.00
0.00
0.00
MeC22:0 0.00
0.00
0.00
0.00
0.00
0.00
0.00
MeC22:1 0.00
0.00
0.00
0.00
0.00
0.00
0.00
MeC24:0 0.000
0.000
0.000
0.000
0.00
0.000
0.000
MeC24:1 0.00
0.00
0.00
0.00
0.00
0.00
0.00

LS-20
LS-10
0.00
0.00
0.00
0.00
19.79 ± 0.28 10.08 ± 0.15
0.02 ± 0.03 0.00
0.27 ± 0.00 0.26 ± 0.00
0.00
0.00
0.00
0.00
78.97 ± 0.17 88.65 ± 0.09
0.06 ± 0.05 0.08 ± 0.07
0.00
0.00
0.00
0.00
0.79 ± 0.00 0.87 ± 0.00
0.00
0.00
0.06 ± 0.05 0.06 ± 0.05
0.00
0.00
0.043 ± 0.04 0.000
0.00
0.00

Total
Saturated 99.61 ± 0.05 99.49 ± 0.13 99.46 ± 0.02 100.0 ± 0.00 100.0 ± 0.00 100.0 ± 0.00 99.94 ± 0.05 99.94 ± 0.05 99.92 ± 0.07
Each value in the table represents the means ± 1 standard deviation of triplicate analyses.
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4.2

Freezer Observation

A number of preliminary experiments were conducted to provide qualitative results about
the solid-liquid phase behavior of potentials phase change materials. These results
provided a quick easy way to determine if a particular sample may or may not work as a
PCM for our application. All of the experiments included photographs of observations to
better visualize the thermal behaviors. Although these results can be subjective, they were
valuable for establishing an understanding of the samples properties.
4.2.1

Initial Observations for Solidified Potential PCMs

To be begin understanding the solidification behaviors of potentials phase change
materials, samples of various oils were cooled down to -16°C in the freezer. The
consistency of the solidified sample was observed and documented. The hardness of the
solidified samples was described from pressing on the samples with one finger, Table
4.2-1. The samples are listed in order of decreasing hardness. Photos of the samples are
shown in Figure 4.2-1.
Table 4.2-1. Consistency observations of samples cooled to -16°C in order of decreasing hardness
Sample
A1 Olive oil
A5 Unbleached high oleic
soybean oil
F9 Linoleic acid
A6 Used cooking oil biodiesel
A4 Canola oil
A3 Soybean oil
A2 Corn oil
A7 Mineral oil

Observations
Very solid; no indentation from pressing
Very solid; no indentation from pressing
Very solid; no indentation from pressing
Similar constancy to a hard chap stick
Center was mostly solid
Finger made impression; similar consistency to Vaseline
Finger went completely through the "solidified" oil
No solids forms

The samples were placed in a refrigerator at 1°C. The samples solidified constancy was
observed and described. The observations are listed in Table 4.2-2 and photos of the
samples are found in Figure 4.2-1.
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Table 4.2-2. Consistency observations of samples cooled to 1°C in decreasing order of hardness
Sample
A1 Olive oil
A6 Used cooling oil biodiesel
F9 Linoleic acid
A5 Unbleached high oleic soybean
A2 Corn oil
A3 Soybean oil
A4 Canola oil
A7 Mineral oil

A1

A6

F9

Observations
Solidified; similar consistency to a hard chap stick
Many solid particulates present in the liquid
Many solid particulates present in the liquid
Some visible solids present in the liquid
No visible solids formed
No visible solids formed
No visible solids formed
No visible solids formed

A5

A2

A3

A4

A7

In Order of Decreasing Hardness
No Solids Formed
Figure 4.2-1. Photos from consistency observations after samples cooled to -1°C

4.2.2

Vegetable Oil + Methyl Esters

The observations from the experiment in Section 3.3.2 of methyl palmitate added to high
oleic soybean oil and olive oil in mass percentages of 0%, 3%, 6% and 9% are shown in
Figure 4.2-2. Methyl palmitate was added to the vegetable oil in attempts to initiate
crystallization at a higher temperature.
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High Oleic Soybean Oil
Olive Oil
Time
Mass Percent of MeC16:0 Added
(min) 0% 3% 6% 9%
0% 3% 6% 9%
0

9

11

14

18

21

38

40

77

Figure 4.2-2. Vegetable oil + methyl palmitate freezer observations. The circle denotes when
crystallization began in each vial.

4.2.3

Lightweight Aggregate with PCM

The phase change materials potential ability to delay crystallization of water was tested in
following experiments; the methods are described in Section 3.3. In a vial, lightweight
aggregate with corn methyl esters absorbed into the aggregate pores was covered with
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water and placed into a freezer. Observations were taken at incremental time points to
observe when crystallization of the water began.
In experiment 1, the control vial contained only water. The photos of the results are
shown in Figure 4.2-3. The water in control vial began to crystallize after 63 min and the
water in the vial with PCM absorbed into LWA crystallized after 15 min.
Time
(min)

Control

LWA +
PCM

0

15

47

63

207
Figure 4.2-3. LWA + PCM experiment 1. The dashed
circles denote when crystallization began in each vial.

Experiment 2 contained a control vial with plain LWA in water and a LWA+PCM vial, in
addition to photo observations, the water’s temperature was recorded at each time point.
Experiment 3 was similar to experiment two; however, the LWA to water ratio was
increased. In experiment 4, the vials from experiment 2 were used with the addition of a
control vial containing only water. This experiment was conducted 9 days later to
qualitatively determine if ME2 is stable in the pores of the LWA submerged in water.
Photo observations from experiments 2, 3, and 4 are displayed in Figure 4.2-4. The
water’s temperature for each experiment was plotted in Figure 4.2-5 (A-C).
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Experiment 2
Time
LWA +
(min) Control PCM

0

29

Experiment 3
Time
LWA +
PCM
(min) Control

Experiment 4
Time
Control LWA +
(min) Control + LWA PCM

0

0

18

14

27

45

35
57
44
47

68
64

53
91

92

132

84
151
120

Figure 4.2-4. Photo observations from LWA + PCM experiment 2 – 4. The dashed circles
denote when crystallization began in each vial.
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20

A

B

C

Temperature (°C)

15
10
5
0
-5

-10
20

60

100

Time (min)

140

20

60

100

Time (min)

140

20

60

100

Time (min)

140

Figure 4.2-5. Water temperature from LWA + PCM experiments at each time increment in (A)
experiment 2, (B) experiment 3 and (C) experiment 4.

4.3

Thermal Behavior

The thermal behavior of potentials PCMs were quantitatively determined using
differential scanning calorimetry. The methods for each of the experiments can be found
in Section 3.5. Some of the determined thermal properties include: the crystallization
temperature (T C ), enthalpy of fusion (ΔH fus ), melting temperature (T M ), and enthalpy of
melting (ΔH melt ). Many of the samples display complex melting and crystallization
behaviors with multiple endothermic and exothermic peaks. The temperature at each of
the transition peaks was determined for the appropriate samples. The enthalpy of each
curve was evaluated by integrating the area under the temperature vs. heat flow curve.
The amount of enthalpy released or absorbed between -5°C and 5°C was determined
using perpendicular drop analysis between the two temperatures.
4.3.1

Oil Samples

First, the thermal behavior of various oil samples was investigated. The crystallization
and melting curves for the various oil samples are shown Figure 4.3-1. The transition
temperature of the peaks marked on each curve and the enthalpy are listed in Table 4.3-1.
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Exo

Exo
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f4
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d1

f3
h3

h1

h2
-100

-80

-60

A2
A7

g1

-40

-20

d2

0

f2

h2 h3

A6
20

Temperature (°C)

-100

-80

-60

h4
-40

A3

d3

e2

f1

A4

c3

e1

h1

a2
b2

A3

f1

f2

c2

d1

A4

e1

e2

e3

A8

c1

Heat Flow (W/g)

b1

e4

Endo

A5

Endo

Heat Flow (W/g)

a1

d2

A1

c1

c3

A8

b1

b2

d3

A5

a1

B

A2

e3
f3
g1

A7
A6

h5

h6
-20

0

20

Temperature (°C)

Figure 4.3-1. DSC curves for oil samples. (A) Crystallization curves for high oleic soybean oil
unbleached (A5) & bleached (A8), olive oil (A1), canola oil (A4), soybean oil (A3), corn oil (A2),
mineral oil (A7), used cooking oil biodiesel (A6). (B) Melting curves. Refer to Table 4.3-1 for
transition temperatures and enthalpy.
Table 4.3-1. Transition temperatures and enthalpy for oil samples DSC curves in Figure 4.3-1
Curve
Sample
1
Crystallization A1
-13.99
A2
-24.76
A3
-13.69
A4
-21.35
A5
-15.69
A6
-0.93
A7
-35.01
A8
-18.24
Melting

Transition Temperature (°C)a
2
3
4
5
-34.83 -49.74
-44.29 -67.68 -87.79
-39.93 -70.21 -88.70
-42.49 -57.67
-41.24
-42.49 -55.65
-41.95

6

ΔH fus/melt ΔH -5to5
(J g-1) (J g-1)
64.49
1.07
48.76
1.39
52.90
1.44
57.66
1.26
76.61
1.98
93.11 13.90
16.90
0.82
77.07
2.07

A1
-44.28 -19.77 -5.55
67.53 21.21
A2
-76.52 -37.78 -25.59
47.64
0.96
A3
-77.71 -38.41 -22.69
48.77
1.24
A4
-68.71 -26.97 -18.02
57.78
1.06
A5
-35.80 -5.79
72.85 21.84
A6
-77.75 -59.90 -51.49 -40.88 -29.90 1.08 100.20 22.33
A7
-25.96
14.89
0.22
A8
-36.80 -5.41
72.68 22.32
a
Indicators a, b, c, d, e, f, g and h in cooling (Figure 4.3-1A) and heating (Figure 4.3-1B)
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4.3.2

Paraffin Oil

Paraffin mixtures are a well-established PCM. The thermal properties were evaluated
using the DSC. The crystallization and melting curves are plotted in Figure 4.3-2. The
transition temperatures and enthalpy for the thermograms are listed in Table 4.3-2.

Heat Flow (W/g)

Exo

a1

a2

Crystallization
Melting

Endo

b1

b2
-40

-20

0

20

Temperature (°C)

Figure 4.3-2. DSC curves for paraffin oil. Refer to Table 4.3-2
for transition temperatures and enthalpy.

Table 4.3-2. Transition temperatures and enthalpy for paraffin oil DSC curves in Figure 4.3-2
Curve
Sample
Crystallization POil

T onset
(°C)
2.32

Melting

-28.33 -27.13

POil

4.3.3

T peak1
(°C)
-1.08

T peak2
(°C)
-31.05
6.89

T end ΔH fus/melt
(°C)
(J g-1)
-34.82 164.90
9.08

170.30

ΔH -5to5
(J g-1)
96.98
49.11

Commercial Methyl Esters

Methyl esters from commercial sources were evaluated on the DSC to determine their
thermal properties. These methyl esters were used in making various mixtures of methyl
esters and binaries of methyl ester samples in other sections. The heating and cooling
curves are shown in Figure 4.3-3. The onset, peak max and end temperatures and the
enthalpy for each curve was determined, Table 4.3-3. The onset temperature for the
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crystallization curves often displayed supercooling. For this reason, some of the onset
temperatures are at a lower temperature than the peak maximum temperature.

B

MeC10:0

Exo

Exo

A

MeC12:0

Heat Flow (W/g)

Heat Flow (W/g)

MeC14:0

MeC10:0
MeC12:0

MeC16:0

MeC18:0

MeC14:0

Endo

Endo

MeC16:0
MeC18:0
-20

0

20

-20

40

0

20

40

Temperature (°C)

Temperature (°C)

Figure 4.3-3. DSC curves for pure methyl esters. (A) Crystallization and (B) melting curves
for methyl decanoate (MeC10:0), methyl laurate (Me12:0), methyl myristate (Me14:0),
methyl palmitate (Me16:0), and methyl stearate (Me18:0).
Table 4.3-3. Transition temperatures and enthalpy for pure methyl esters in Figure 4.3-3

MeC10:0
MeC12:0
MeC14:0
MeC16:0
MeC18:0b

T onset
(°C)
-18.74
-0.15
15.84
26.04
34.55

Crystallization
T max
T end
(°C)
(°C)
-17.59 -20.64
1.07 -1.32
15.6 13.29
26.53 24.2
34.7
32.7

4.3.4

ΔH fusion
(J g-1)
159.57
180.43
186.43
207.6
209.93

T onset
(°C)
-12.67
4.57
17.55
29.21
36.65

Melting
T max
T end
(°C)
(°C)
-10.98 -9.49
6.49
7.67
20.62 22.09
31.81 33.15
38.61 39.66

ΔH melt
(J g-1)
163.20
184.50
188.63
207.73
211.80

Vegetable Methyl Esters

The vegetable methyl esters sample’s thermal properties were evaluated on the DSC. The
cooling and heating curves for high oleic soybean methyl esters, corn methyl esters,
canola methyl esters and coconut methyl esters are shown in Figure 4.3-4. The transition
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temperatures for each curve, total enthalpy during crystallization and melting and the
amount release or absorbed between -5° and 5°C is listed in Table 4.3-4.
a2

b2

Exo

B

Exo

A

ME1

a3

a
1
b1

ME1

Heat Flow (W/g)

c3

Endo

c2
d1

c1

ME3

-60

-40

-20

0

20

b3 b

a3

4

ME3
c4

c1

c2

c3

ME4

b1

ME4
-80

ME2

b2

ME2

c4

a4

a2

Endo

Heat Flow (W/g)

a1

-80

Temperature (°C)

-60

d1
-40

-20

0

20

Temperature (°C)

Figure 4.3-4. DSC curves for vegetable methyl esters. (A) Crystallization curves for high
oleic soybean methyl esters (ME1), corn methyl esters (ME2), canola methyl esters
(ME3), and coconut methyl esters (ME4). (B) Melting curve. Refer to Table 4.3-4 for
transition temperatures and enthalpy.
Table 4.3-4. Transition temperatures and enthalpy for vegetable methyl esters in Figure 4.3-4
Transition Temperatures (°C)
Curve
Sample
1
2
3
4
Crystallization ME1 -5.87 -39.96 -68.44
ME2 -9.53 -58.07
ME3 -21.51 -47.87 -68.25
ME4 -20.23
Melting

ME1 -56.32 -38.41
ME2 -49.62 -37.23
ME3 -57.66 -36.56
ME4 -6.53

-23.88
-4.40
-29.88

-1.46
-1.00
-9.75

ΔH fus/melt
(J g-1)
125.2
131.0
114.3
112.3

ΔH -5to5
(J g-1)
0.970
2.911
2.314
1.525

123.5
119.5
110.1
110.7

5.788
8.532
1.427
21.39
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4.3.5

Urea Fractionated Samples

The thermal behaviors of fractionated methyl ester samples provided insight into how the
composition of the mixture affects the thermal behavior during cooling and heating.
4.3.5.1 Canola Fractionation
Canola methyl esters were fractionated using urea clathrates to remove the saturated
methyl esters. The DSC curves for the canola fractionated samples are displayed in
Figure 4.3-5. The transition peaks’ temperature, the total enthalpy, and the portion of
enthalpy between -5°C and 5°C for each crystallization and melting curve are listed in
Table 4.3-5.
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Endo
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-60
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-20

0
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20
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Figure 4.3-5. DSC curves for fractionated canola methyl esters. (A) Crystallization curve
for canola methyl esters (ME3), fractionated canola methyl esters containing a majority of
the saturated methyl esters (ME3-SAT) and with the saturated removed (ME3-UNSAT).
(B) Melting curve. Refer to Table 4.3-5 for transition temperatures and enthalpy.
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Table 4.3-5. Transition temperatures and enthalpy for fractionated ME3 in Figure 4.3-5
Transition Temperature (°C)
ΔH fus/melt ΔH -5to5
Curve
Sample
1
2
3
4a
4
(J g-1)
(J g-1)
Crystallization ME3
-8.04 -21.51 -47.87
-68.25 114.3
2.314
ME3-SAT
2.70 -11.48 -45.57
-69.01 132.8
11.78
ME3-UNSAT
-45.19 -63.49 -68.05 105.2
2.191
Melting

ME3
-57.66 -36.56 -29.88
ME3-SAT
-57.39 -34.93 -28.78
ME3-UNSAT -56.64 -37.62 -30.96

-9.75
-1.23

110.1
126.9
108.1

1.427
16.84
0.851

4.3.5.2 Coconut Fractionation
The thermal behavior of the coconut fractionated methyl esters by urea clathrates
provided useful insight into how mixtures of methyl esters behaved. The heating and
cooling curves from the DSC are found in Figure 4.3-6. The associated transition
temperatures, onset temperature, end temperature and total enthalpy of fusion and
melting for each curve are listed in Table 4.3-6.
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Figure 4.3-6. DSC curves for fractionated coconut methyl esters. (A) Crystallization curves
for urea fractionated coconut methyl esters. (B) Melting curves. The transition temperatures
and enthalpy for ME4 (a), ME4-F3 (b), and ME4-F4 (c) are listed in Table 4.3-6.
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Table 4.3-6. The transition temperatures and enthalpy for fractionated ME4 in Figure 4.3-6
Curve
Crystallization ME4
ME4-F3
ME4-F4

T onset
(°C)
-5.45
2.48
4.04

Transition Temperatures (°C)
1
2
3
-20.23
-10.98
-16.06
-19.29
-8.85
-15.03
-18.68

Melting

ME4
-13.28
-6.53
ME4-F3 -11.76
-5.73
ME4-F4 -10.95
-5.22
Data for ME4 first presented in Table 4.3-4.

4.3.6

-0.60
-1.12

-3.29
-5.43

T end ΔH fus/melt ΔH -5to5
(J g-1)
(°C) (J g-1)
-28.27 112.3
1.525
-25.96 120.2
21.94
-24.98 133.7
31.84
-1.19
7.48
9.49

110.7
120.1
130.0

21.39
57.61
62.42

Mixtures of Methyl Esters

Various methyl esters were added to the generated vegetable methyl esters to increase the
saturated methyl esters content, thereby increasing the exothermic release in the desired
crystallization region.
Methyl palmitate was added to high oleic soybean methyl esters, corn methyl esters and
canola methyl esters to generate mixtures 1-6 and mixtures 12-17. The heating and
cooling curves for mixtures 1-3 with ME1, mixtures 4-6 with ME1, mixtures 12-14 with
ME2 and mixtures 15-17 with ME3 are shown in Figure 4.3-7, Figure 4.3-8, Figure 4.3-9,
and Figure 4.3-10 respectively. The associated transition temperature and enthalpies are
found in the table following the figures (Table 4.3-7, Table 4.3-8, Table 4.3-9, and Table
4.3-10).
To better understand the behavior of the mixtures of methyl esters, mixtures of
commercial methyl stearate, methyl palmitate and methyl oleate were blended and their
thermal behavior was evaluated. The crystallization and melting curves for these
mixtures are found in Figure 4.3-11. Since different amounts of methyl palmitate and
methyl stearate were added to the methyl oleate, methyl oleate is graphed alongside the
mixtures. The methyl oleate that was used in these mixtures is only technical grade. Due
to this, there are multiple exothermic and endothermic peaks which would not be
normally expected in “pure” methyl ester thermograms. The transition temperatures and
enthalpy are listed in Table 4.3-11.
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Figure 4.3-7. DSC curves for Mixtures 1-3. (A) Crystallization curves for ME1 with methyl
palmitate added for a total saturated methyl esters content of 20% (Mix 1), 30% (Mix 2),
and 40% (Mix 3). (B) Melting curves. Refer to Table 4.3-7 for transition temperatures and
enthalpy.

Table 4.3-7. Transition temperatures and enthalpy for mixtures 1-3 DSC curves in Figure 4.3-7
Curve
Sample
Crystallization ME1
Mix 1
Mix 2
Mix 3

1
-5.87
-3.38
0.52
5.97

Transition Temperature (°C)
1a
2
3
-39.96
-68.44
-5.97
-40.11
-68.66
-40.27
-69.20
-39.4
-68.18

Melting

-56.32
-56.93
-57.17
-56.71

-38.41
-37.68
-37.65
-36.09

ME1
Mix 1
Mix 2
Mix 3

-23.88
-25.26
-25.75
-25.16

4

-1.46
2.42
8.88
14.51

ΔH fus/melt ΔH -5to5
(J g-1)
(J g-1)
125.2
0.97
147.5
11.30
150.6
42.39
159.7
29.56
123.5
124.8
130.9
135.1

5.788
20.96
22.62
15.78
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Figure 4.3-8. DSC curves for mixtures 4-6. (A) Crystallization curve for ME1 with methyl
stearate added for a total saturated methyl esters content of 20% (Mix 4), 30% (Mix 5),
and 40% (Mix 6). (B) Melting curve. Refer to Table 4.3-8 for transition temperatures and
enthalpy.
Table 4.3-8. Transition temperatures and enthalpy for mixtures 4-6 DSC curves in Figure 4.3-8
Curve
Sample
Crystallization ME1
Mix 4
Mix 5
Mix 6
Melting

ME1
Mix 4
Mix 5
Mix 6

Transition Temperature (°C)
1
2
3
4
-5.87
-39.96
-68.44
3.43
-39.81
-69.43
11.56
-39.30
-71.22
16.57
-39.41
-73.61
-56.32
-57.18
-57.88
-58.38

-38.41
-37.15
-36.54
-35.8

-23.88
-25.38
-25.45
-25.43

-1.46
12.01
19.26
23.69

ΔH fus/melt
(J g-1)
125.20
122.90
129.50
127.80

ΔH -5to5
(J g-1)
0.9701
22.03
9.965
7.722

123.50
88.00
95.01
94.6

5.788
6.499
4.98
3.136
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Figure 4.3-9. DSC curves for mixtures 12-14. (A) Crystallization curve for ME2 with
methyl palmitate added for a total saturated methyl esters content of 20% (Mix 12), 30%
(Mix 13), and 40% (Mix 14). (B) Melting curve. Refer to Table 4.3-9 for transition
temperatures and enthalpy.
Table 4.3-9. Transition temperatures and enthalpy for mixtures 12-14 DSC curves in Figure 4.3-9
Curve
Sample
Crystallization ME2
Mix 12
Mix 13
Mix 14
Melting

ME2
Mix 12
Mix 13
Mix 14

Transition Temperature (°C)
1
2
3a
3
-9.53
-58.07
-5.23
-58.49
2.47
-58.05
8.18
-58.21
-49.62
-49.65
-49.54
-49.57

-37.23

-4.40

-1.00
4.57
11.44
15.92

ΔH fus/melt
(J g-1)
131.0
119.0
124.4
139.8

ΔH -5to5
(J g-1)
2.91
4.22
35.98
17.05

119.5
85.0
88.0
94.7

8.53
16.59
12.48
9.28
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Figure 4.3-10. DSC curves for mixtures 15-17. (A) Crystallization curve for ME3 with methyl
palmitate added for a total saturated methyl esters content of 20% (Mix 15), 30% (Mix 16), and
40% (Mix 17). (B) Melting curve. Refer to Table 4.3-10 for transition temperatures and enthalpy.
Table 4.3-10. Transition temperatures and enthalpy for mixtures 15-17 DSC curves, Figure 4.3-10
Curve
Sample
Crystallization ME3
Mix 15
Mix 16
Mix 17
Melting

ME3
Mix 15
Mix 16
Mix 17

Transition Temperature (°C)
ΔH fus/melt
1
2
3
4a
4
(J g-1)
-8.04 -21.51 -47.87
-68.25 114.30
-4.61
-47.68
-73.09 102.40
1.95
-47.57
-72.30 116.60
7.82
-47.16
-72.57 114.60

ΔH -5to5
(J g-1)
2.314
14.95
37.99
15.92

-57.66
-58.91
-58.70
-58.61

1.427
16.93
13.71
9.863

-36.56
-36.06
-36.08
-36.25

-29.88
-9.75
-29.57 3.14 5.06
-29.52 9.18 11.72
-29.81
15.94

110.10
81.47
88.08
90.66
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Figure 4.3-11. DSC curves for mixtures 7-11. (A) Crystallization curves for methyl oleate,
MeC16:0 (20%) + MeC18:1 (Mix 7), MeC16:0 (30%) + MeC18:1 (Mix 10), MeC18:0 (20%) +
MeC18:1 (Mix 8), MeC18:0 (20%) + MeC18:1 (Mix 11), MeC16:0 (10%) + MeC18:0 (10%) +
MeC18:1 (Mix 9). (B) Melting curves. Refer to Table 4.3-11 for transition temperatures and
enthalpy for each curve.
Table 4.3-11. Transition temperatures and enthalpy for mixtures 7-11 DSC curves, Figure 4.3-11
Curve
Sample
Crystallization MeC18:1
Mix 7
Mix 10
Mix 8
Mix 11
Mix 9
Melting

MeC18:1
Mix 7
Mix 10
Mix 8
Mix 11
Mix 9

Transition Temperature (°C)
1
2a
2
3
-18.52
-51.74
0.24
-49.98 -63.73
7.16
-49.32 -63.02
10.44
-50.46 -62.84
15.08
-49.3
-62.35
1.92
-52.23
-62.57
-57.58
-57.14
-57.53
-55.86

-45.00

-34.27
-36.98
-37.01
-36.99
-36.91
-37.07

-7.16
10.43
14.71
18.99
22.71
6.62

ΔH fus/melt
(J g-1)
79.92
105.80
124.90
105.30
116.30
97.61

ΔH -5to5
(J g-1)
0.52
29.16
19.35
10.48
8.25
21.41

86.37
65.98
73.87
66.49
75.00
66.93

1.18
10.39
8.65
3.15
2.43
13.66
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4.3.7

Vegetable Oil + Methyl Esters or Paraffin Oil

The thermal behaviors were evaluated for samples of vegetable oils with methyl esters.
Methyl palmitate was added to high oleic soybean oil for a final mass percentage of 0%,
3%, 6%, 9%, 20%, and 25%. The thermal behavior can be found for the crystallization
curve in Figure 4.3-12A and the melting curve in Figure 4.3-12B. The transition
temperatures annotated on the curves, the total enthalpy of each curve, along with the
amount of enthalpy that falls between -5°C and 5°C are listed in Table 4.3-12.
Methyl palmitate was added to olive oil (A1) to have a final mass percent of 0%, 3%, 6%
and 9%, (OO-0, OO-1, OO-2, OO-3). The crystallization and melting curves for these
mixtures are found in Figure 4.3-13. The transition temperatures and enthalpy for each
curve are found in Table 4.3-13.
Methyl stearate was added to high oleic soybean oil for a final mass percent of 20% and
25% (HOSO-6 and HOSO-7). Paraffin was also added to high oleic soybean oil for a
mass percent of 10% and 15% (HOSO-8 and HOSO-9). The thermal behavior for these
mixtures is found in Figure 4.3-14. The transition temperatures, the total enthalpy, and
the amount of enthalpy that occurs between -5°C and 5°C are listed in Table 4.3-14.
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Figure 4.3-12. DSC curves for HOSO 1-5. (A) Crystallization curve for high oleic soybean oil
with 0% MeC16:0 (HOSO-0), 3% MeC16:0 (HOSO-1), 6% MeC16:0 (HOSO-2), 9%
MeC16:0 (HOSO-3), 20% MeC16:0 (HOSO-4), 25% MeC16:0 (HOSO-5) by mass percent.
(B) Melting curve. Refer to Table 4.3-12 for transition temperatures and enthalpy.
Table 4.3-12. Transition temperatures and enthalpy for HOSO 1-5 DSC curves in Figure 4.3-12
Curve
Sample
Crystallization HOSO-0
HOSO-1
HOSO-2
HOSO-3
HOSO-4
HOSO-5
Melting

HOSO-0
HOSO-1
HOSO-2
HOSO-3
HOSO-4
HOSO-5

Transition Temperature (°C)
1
2
3
-16.83
-36.13
-9.63
-35.62
-6.98
-37.39
-4.08
-38.09
-3.06
-38.15
1.23
-39.67

ΔH fus/melt
(J g-1)
60.5
63.7
60.0
62.1
65.7
66.1

ΔH -5to5
(J g-1)
1.04
1.46
0.93
2.32
13.35
23.00

-6.78
-5.70
-4.11
-3.20
5.01
8.25

51.9
52.3
54.9
58.57
66.2
72.6

18.75
15.67
19.21
23.66
11.63
10.30

-11.78
-11.68
-11.38
-11.73

12.25
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Figure 4.3-13. DSC curves for OO 1-3. (A) Crystallization curve for olive oil with 0%
MeC16:0 (OO-0), 3% MeC16:0 (OO-1), 6% MeC16:0 (OO-2), and 9% MeC16:0 (OO-3) by
mass percent. (B) Melting curve. Refer to Table 4.3-13 for transition temperatures and
enthalpy for each curve.
Table 4.3-13. Transition temperatures and enthalpy for OO 1-3 DSC curves in Figure 4.3-13
Curve
Sample
Crystallization OO-0
OO-1
OO-2
OO-3
Melting

OO-0
OO-1
OO-2
OO-3

Transition Temperature (°C) ΔH fus/melt ΔH -5to5
1
2
3
(J g-1)
(J g-1)
-12.52
-43.18
56.5
1.172
-8.29
-43.19
59.4
1.02
-6.04
-42.39
57.6
1.059
-3.88
-40.63
60.3
4.172

-11.17
-12.39

-7.14
-5.03
-3.78
-1.50

4.73

47.0
49.6
51.4
54.0

12.16
16.54
22.56
26.79
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Figure 4.3-14. DSC curves for HOSO 6-9. (A) Crystallization curve for high oleic soybean oil
with 20% MeC18:0 (HOSO-6), 25% MeC18:0 (HOSO-7), 10% paraffin oil (HOSO-8), and
15% paraffin oil (HOSO-9) by mass percent. (B) Melting curve. Refer to Table 4.3-14 for
transition temperatures and enthalpy.

Table 4.3-14. Transition temperatures and enthalpy for HOSO 6-9 DSC curves in Figure 4.3-14
Curve
Sample
Crystallization HOSO-6
HOSO-7
HOSO-8
HOSO-9
Melting

Transition Temperature (°C)
1
2
3
4
5
6
10.18
-44.93
13.52 0.83 -42.12
-14.8
-13.62 -18.94 -37.21

7

HOSO-6
-9.31 6.70 10.05 16.11 17.88 19.96
HOSO-7
-9.31 3.59 9.34 16.13 18.01 21.87
HOSO-8 -20.34 -11.10 -6.87
HOSO-9 -19.84 -9.68

ΔH fus/melt
(J g-1)
64.33
63.83
51.1
44.57

ΔH -5to5
(J g-1)
13.66
8.57
3.45
1.76

70.96
75.75
52.41
57.83

12.72
11.22
7.97
3.95
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4.3.8

Methyl Esters + LWA

There were two experiments conducted using the DSC for a combination of LWA and
PCM. The first experiment determined if supercooling of the methyl esters was due to
lack of nucleation. In this experiment, an aliquot of ME1 was placed in the DSC pan
with one grain of H#16 LWA to provide a nucleation site (H#16 in ME1). The DSC
cooling and melting curves from this experiment are plotted against ME1, Figure
4.3-15A. The transition temperatures between ME1 with H#16 acting as a nucleating
agent and ME1 alone were within 1°C of each other, Table 4.3-15. There were larger
differences in the total enthalpy released and absorbed.
The second experiment tested the thermal behaviors a methyl esters sample (mixture 10)
confined in the pores of LWA. H#16 LWA was immersed in mixture 10 for 24 hours in
ambient conditions before thermal testing (H#16 with Mix10). The heating and melting
curves from this experiment are plotted against mixture 10, Figure 4.3-15B. The
differences in the transition temperatures between the two samples are less than 1°C. The
transition temperature and enthalpy for each curve is listed in Table 4.3-15.
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Figure 4.3-15. DSC curves for PCM + LWA experiments . (A) Cooling and heating curves for
experiment 1, H#16 in ME1. (B) Cooling and heating curves for H#16 absorbed with Mix 10
(H#16 w/ Mix 10). Refer to Table 4.3-15 for transition temperatures and enthalpy for each
curve.
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Table 4.3-15. Transition temperatures and enthalpy for PCM + LWA DSC curves, Figure 4.3-15
Curve
Sample a
Crystallization ME1
H#16 in ME1

Transition Temperature (°C)
1
2
3
4
-5.87 -39.96 -68.44
-5.94 -39.54 -64.91

Melting

ΔH fus/melt
(J g-1)
125.20
117.60

ΔH -5to5
(J g-1)
0.97
2.76

ME1
-56.32
H#16 in ME1
-56.09
Crystallization Mix 10
7.16
H#16 with Mix10 7.94

-38.41
-36.76
-49.32
-49.74

-23.88
-23.58
-63.02
-63.32

-1.46 123.50 5.79
-1.72 86.82 3.99
124.90 19.35
119.10 17.22

Melting

-37.01
-37.03

14.71
14.15

73.87
82.45

Mix 10
-57.14
H#16 with Mix10 -56.25

8.65
12.58
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4.3.9

Binary Methyl Ester Mixtures

4.3.9.1 Initial Binary Experiments
Binary mixtures of commercial methyl esters, methyl laurate with methyl decanoate,
methyl myristate, and methyl palmitate or methyl stearate were generated with varying
mass fraction, Section 3.2.4.2.
Initially, only a few samples of the binary mixtures were evaluated to determine which
binary mixtures to focus on to fully understand those mixtures solid-liquid phase
behavior. The melting curves for all four initial binary mixtures are plotted, Figure
4.3-16. The temperature at the point of maximum heat flow of the transition peaks
(T M,peak ), total enthalpy of the melting curve (ΔH melt ), and the amount of enthalpy
between -5°C and 5°C (ΔH -5to5 ) were all determined, Table 4.3-16. This information was
used for deciding which binary mixtures to conduct detailed experiments.
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Figure 4.3-16. DSC melting curves for the initial binary experiments for methyl laurate +
methyl decanoate (A), methyl laurate + methyl myristate (B), methyl laurate + methyl
palmitate (C), and methyl laurate + methyl stearate (D). Refer to Table 4.3-16 for melting
temperatures and enthalpy. Refer to Table 4.3-3 for temperatures and enthalpy of MeC12
and MeC10.
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Table 4.3-16. Melting temperature and enthalpy for initial binary DSC curves in Figure 4.3-16
T M,peak ΔH melt ΔH -5to5
T M,peak
Sample
(°C)
(J g-1)
(J g-1)
Sample
(°C)
LD-90
4.16
183.2
154.2
LP-90
0.91
LD-70
-0.14
198.6
90.3
LP-80
-0.39
LD-50
-17.01 178.4
5.2
LP-70
0.04
LD-30
-16.84 152.7
2.1
LS-90
1.95
LD-10
-15.11 187.1
2.4
LS-80
2.20
LD-0
-11.15 187.0
2.3
LS-70
2.07
LM-90
4.22
170.9
164.5
LM-85
1.93
175.1
164.7
LM-80
-0.26
183.6
183.6
LM-75
0.36
157.1
153.9
T M,peak is the temperature is at the absolute minimum peak.

ΔH melt
(J g-1)
148.5
141.2
156.8
164.8
161.5
163.0

ΔH -5to5
(J g-1)
148.3
139.3
131.2
162.5
139.7
122.1

4.3.9.2 Methyl Laurate + Methyl Myristate
The binary mixtures, methyl laurate and methyl myristate was selected for detailed
analysis of the solid-liquid phase behavior. The detailed thermal behavior analysis
included the determination of the onset temperature for crystallization and melting,
various crystallization transitions peak temperatures, the transition temperature for
various reactions during melting, the transition of the pure component during melting and
the end of melting and crystallization temperatures. Additionally, the enthalpy of fusion
and the enthalpy of melting were determined by integrating the area under the heat flow
vs. temperature curve. The molar concentration of methyl laurate in each of the sample
mixture is listed in Table 4.3-17. The thermograms for this binary system are presented
in Figure 4.3-17 and Figure 4.3-18. The temperature and enthalpy for each curve are
listed in Table 4.3-18 and Table 4.3-19.
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Table 4.3-17. Methyl laurate mole fraction in the binary mixtures
Mole Fraction of Methyl Laurate
MeC12:0 + MeC14:0
MeC12:0 + MeC16:0
LM-100
0.993
LP-100
0.993
LM-90
0.905
LP-90
0.907
LM-85
0.861
LP-80
0.822
LM-80
0.814
LP-70
0.733
LM-75
0.769
LP-60
0.644
LM-70
0.724
LP-50
0.555
LM-65
0.678
LP-40
0.467
LM-60
0.627
LP-30
0.356
LM-55
0.584
LP-20
0.261
LM-50
0.527
LP-10
0.132
LM-40
0.430
LP-0
0.000
LM-30
0.341
LM-20
0.224
LM-10
0.116
LM-0
0.002
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Figure 4.3-17. DSC crystallization curves for methyl laurate + methyl myristate binary
mixtures with varying mole fraction of methyl laurate. Refer to Table 4.3-18 for transition
temperatures and enthalpy of fusion.

Table 4.3-18. Crystallization data for methyl laurate + methyl myristate DSC curves
T C,onset T C,peak1 T C,peak2 T C,peak3 T C,end
ΔH fusion
x laurate
(°C)
(°C)
(°C)
(°C)
(°C)
(kJ mol-1)
0.993
-0.15
1.07
-1.32
38.71
0.905
-3.55 -4.33 -4.84
-6.60
36.06
0.861
-5.27 -6.09
-7.58
35.44
0.814
-5.57 -6.35
-7.84
36.13
0.769
-4.94 -6.41
-7.74
37.87
0.724
-4.24 -5.05 -6.52
-7.84
39.03
0.678
-3.10 -4.63 -6.32
-7.41
36.03
0.627
-2.08 -2.43 -6.19
-7.25
37.26
0.584
-0.86 -1.51 -6.39
-7.51
39.98
0.527
0.56
-0.15 -6.47
-7.54
38.21
0.430
4.05
3.50
-6.40
-7.61
41.05
0.341
7.32
6.70
-6.50
-7.71
41.68
0.224
10.63 10.06 -8.08
-8.09
42.81
0.116
12.86 14.25 12.99 -6.67 -8.90
38.27
0.002
15.84 15.60
13.29
45.18
These values are the averages of three replicates. Refer to Table B-1
in Appendix B for standard deviations and ΔH in J g-1
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Figure 4.3-18. DSC melting curves for methyl laurate + methyl myristate binary system.
Refer to Table 4.3-19 for the transition temperatures and the enthalpy for each curve.
Table 4.3-19. Melting data for methyl laurate + methyl myristate DSC curves
T M,onset T M,eut T M,peri T M,meta T M,trans1 T M,trans2 T M,trans.pur T M,melt T M,end ΔH melt
x laurate (°C)
(°C)
(°C)
(°C)
(°C)
(°C) e (°C) (°C) (°C) (kJ mol-1)
0.993 4.57
6.49
6.72 7.67
39.58
0.905 -1.44 -0.35
1.00
2.56
4.22 4.96
36.42
0.861 -1.78 -0.23
2.03
3.51 4.14
35.81
0.814 -2.14 -0.43
0.94 2.14
36.70
0.769 -2.14
0.21 1.73
38.49
0.724 -2.06
0.66 2.03
39.50
0.678 -2.04
0.59 2.18
36.34
0.627 -2.01
0.39
1.30
5.43 6.97
37.42
0.584 -2.02
0.56
1.77
7.61 8.58
40.29
0.527 -2.01
0.35
1.41
1.74
9.11 10.12
38.50
0.430 -2.22
0.19
0.99
4.94
11.81 12.84
41.33
0.341 -2.25
-0.13 0.79
7.39
14.10 15.04
41.63
0.224 -2.30
-0.28 0.62
6.80 12.46
16.41 17.42
42.49
0.116 -2.76
-0.59 0.17
17.92 18.96
37.82
0.002 17.55
20.48 20.68 22.09
45.71
Values are averages of three replicates. Refer to Table B-2 and Table B-3 in Appendix B for
standard deviations and ΔH J g-1

114
The melting of the pure components resulted in a two small endothermic peaks, Figure
4.3-19. The first peak is described as a transition (T M,trans.pure ) to the actually melting

Endo

Heat Flow (W/g)

Exo

peak, the second peak, of pure component (T M,melt ).

5.8

6.0

6.2

6.4

6.6

6.8

7.0

7.2

Temperature (°C)
Figure 4.3-19. Inset of the melting thermogram for methyl laurate (xMeC12=0.99).
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4.3.9.3 Methyl Laurate + Methyl Palmitate
The detailed thermal analysis for the methyl laurate and methyl palmitate system
included the determination of the onset of crystallization/melting temperature
(T C,onset /T M,onset ), end of crystallization/melting temperature (T C,end /T M,end ), the
temperatures at the point of maximum heat flow of the two transition peaks or in some
case only one peak (T C,peak1 and T C,peak2 ), the temperature relating to the eutectic (T M,eut ),
the temperature relating to the melting (T M,melt ), and the enthalpy of the entire
crystallization and melting (ΔH fusion /ΔH melt ), Table 4.3-20 and Table 4.3-21. An example
of where each temperature was taken at is shown in Figure 4.3-20. The temperature for
the onset and end of melting was defined as the point of intersection of the baseline and
the line drawn tangent to the point of sharpest increase in the slope of the transition peak.
The crystallization and melting curves of the methyl laurate and methyl palmitate binary
system in a range of mole fractions (Table 4.3-17) are shown in Figure 4.3-21 and Figure
4.3-22.

TC,peak1
TC,end

TC,onset
TM,onset

Endo

Heat Flow (W/g)

Exo

TC,peak2

-20

TM,end
TM,trans1
TM,trans2 TM,melt

TM,eut
-10

0

10

20

30

Temperature (°C)

Figure 4.3-20. An example thermogram for the location of the temperature values were
derived from for the methyl laurate and methyl palmitate binary system.
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Figure 4.3-21. DSC crystallization curves for methyl laurate + methyl palmitate. Refer to
Table 4.3-20 for the transition temperatures and the enthalpy for each curve.

Table 4.3-20. Crystallization data for methyl laurate + methyl palmitate DSC curves
x laurate T C,onset (°C) T C,peak1 (°C) T C,peak2 (°C) T C,end (°C) ΔH fusion (kJ mol-1)
0.993
-0.15
1.07
-1.32
38.75
0.907
-4.95
-5.25
-7.31
40.69
0.822
-3.55
-4.60
-6.15
36.43
0.733
2.77
1.91
-2.69
-4.94
40.29
0.644
8.27
6.89
-2.68
-4.86
41.54
0.555
12.28
11.02
-2.70
-4.70
43.36
0.467
14.70
14.50
-2.85
-4.89
44.90
0.356
17.98
17.87
-2.93
-5.04
49.19
0.261
20.64
20.93
-3.69
-5.23
51.44
0.132
22.99
23.52
-4.60
-5.84
53.50
0.002
26.06
26.53
24.20
56.15
x laurate is in mole fraction. Values are averages for three replicates Refer to Table B4 in Appendix B for standard deviations and ΔH in J g-1.
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Figure 4.3-22. DSC melting curves for methyl laurate + methyl palmitate binary system.
Refer to Table 4.3-21 for the transition temperatures and the enthalpy for each curve.
Table 4.3-21. Melting data for methyl laurate + methyl palmitate DSC curves
T M,onset
T M,eut T M,trans1 T M,trans2 T M,trans.Pure T M,melt T M,end
ΔH melt
x laurate
(°C)
(°C)
(°C)
(°C)
(°C)
(°C)
(°C) (kJ mol-1)
0.993
4.57
6.49
6.72
7.67
39.62
0.907
1.07
1.86
3.91
5.04
41.74
0.822
-0.01
2.17
6.65
9.88
37.63
0.733
0.52
2.79
9.09
11.31
13.49 15.13
40.96
0.644
0.44
2.59
9.11
13.12
17.05 18.89
42.06
0.555
0.38
2.44
9.37
#N/A
20.15 21.95
43.72
0.467
0.24
2.36
9.42
#N/A
22.84 24.51
45.22
0.356
-0.02
2.03
#N/A
25.22 26.65
49.31
0.261
-0.47
1.62
#N/A
27.09 28.54
51.38
0.132
-1.90
1.10
2.58
28.93 30.25
53.12
0.002 29.21
31.76
31.93 33.15
56.18
Values are averages of three replicates. Refer to Table B-5 in Appendix B for standard
deviations & ΔH in J g-1
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4.4

Incorporation into Concrete

Two types of experiments were conducted as potential methods for incorporating the
phase change materials into concrete: impregnation of the lightweight aggregate and
encapsulation.
4.4.1

Impregnation of Lightweight Aggregate

4.4.1.1 Water Absorption
The absorption capacity of water in lightweight aggregate was tested under vacuum
conditions in accordance with the method in Section 3.6.1.2.2. The mass percent
absorbed was calculated for each sample. The results are based on a single experiment
and are tabulated in Table 4.4-1. Based on the literature for this specific protocol, the
standard deviation of for absorption is ±0.45 [92]. These results are compared against the
PCM absorption, shown in Figure 4.4-1.
Table 4.4-1. Water absorption capacity for lightweight aggregate
Retained on Mass Percent Absorbed (%)
Sieve
Buildex
Haydite
Ungraded
32.3
23.0
#4
n.a.
n.a.
#8
35.1
29.3
#16
33.0
26.1
#30
31.0
19.5
#50
29.1
16.6
Pan
26.3
12.9
Graded #4 results were not obtained.

4.4.1.2 PCM Absorption
The absorption capacity of lightweight aggregate for methyl esters was tested under
vacuum conditions. The vacuum conditions for methyl esters absorption can be used at
the control for the capacity of lightweight aggregate for methyl ester absorption. The
vacuum procedure used is found in Section 3.6.1.2.2. These vacuum absorption
experiments were compared against a 24 hour ambient absorption experiment for methyl
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esters using the protocol in Section 3.6.1.2.1. The results of both experiments are listed in
Table 4.4-2. The results are also presented in Figure 4.4-1.
Table 4.4-2. LWA absorption capacity for methyl esters for vacuum and ambient conditions
Mass Percent Absorbed (%)
Methyl Esters Vacuum
Methyl Esters 24 Hour Ambient
Retained
on Sieve
Buildex
Haydite
Buildex
Haydite
Ungraded
20.1 ± 1.8
23.3 ± 1.5
9.4 ± 0.7
11.0 ± 0.7
#4
20.2 ± 2.3
21.1 ± 3.1
12.8 ± 1.4
8.0 ± 0.4
#8
27.3 ± 2.0
22.5 ± 2.8
16.4 ± 0.4
10.2 ± 0.4
#16
25.3 ± 2.9
20.7 ± 0.4
19.7 ± 0.6
12.0 ± 1.5
#30
25.4 ± 1.5
15.2 ± 1.3
20.4 ± 4.3
11.9 ± 1.2
#50
24.4 ± 3.8
8.4 ± 3.1
16.4 ± 6.7
6.8 ± 4.4
The values are an average of three replicate experiments with ±1 standard
deviation. Corn methyl esters (ME2) were used for these experiments.
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Figure 4.4-1. Absorption capacity of LWA. (A) Buildex Marquette LWA and (B) Haydite LWA
absorption capacity of water in vacuum conditions (), methyl esters in vacuum conditions
(∎), and methyl esters in ambient conditions (). Error bars are ± one standard deviation.
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4.4.1.3 Extended Time PCM Ambient Absorption
The absorption capacity lightweight aggregate for methyl esters under ambient conditions
was determined. Due to the large scale implications for vacuum absorption of methyl
esters into LWA, ambient absorption is used for a practical absorption capacity.
The absorption capacity for methyl esters in ambient conditions was also tested at
different time lengths to determine if extending the absorption time would significantly
increases the mass percent absorbed. Corn methyl esters (ME2) and paraffin oil were
both used the protocol in Section 3.6.1.3. The results for this experiment are listed in
Table 4.4-3 and displayed in Figure 4.4-2.
Table 4.4-3. LWA absorption capacity for PCMs at different ambient time periods

Mass Absorbed (%)

Ambient Absorption Time in Buildex LWA
Sample
24 Hours a
48 Hours
72 Hours
Corn Methyl Esters
9.4 ± 0.7
10.1 ± 0.5
11.8 ± 1.2
Paraffin Oil
9.0 ± 0.8
9.8 ± 0.7
8.9 ± 2.6
Values are averages of three replicates. The error is ±1 standard
deviation. (a)The corn methyl esters at 24 hour results are the same as in
Table 4.4-2.
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Figure 4.4-2. Buildex LWA absorption capacity at extended time periods for corn
methyl ethers (∎) and paraffin (∎). Error bars are ±1 standard deviation
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4.4.2

Encapsulation

As a potential way method for incorporating phase change materials into the concrete
system, an encapsulation procedure was conducted to encapsulate methyl laurate in a
silicon dioxide shell.
After the samples in experiment 1 (MCPCM1) were taken out of the dryer, the physical
appearance was observed. Liquid had collected at the bottom of the glass dish and the
capsules had an opaque appearance for both MCPCM1 and MPCM1-wb samples. These
were not characterized because of the failed procedure. The solids that were washed in
ethanol before drying, MCPCM1-e, did however, result in dry agglomerated solids.
These solids differed from the expected individualized sand-like grains, Figure 4.4-3.

A

B
a1

b1

b2

C

D

c1

d1

Figure 4.4-3. Photo observations from encapsulation experiment 1 . (A) MCPCM1 before
drying, (B) MCPCM1 after drying, (C) MCPCM1-e3 before drying, (D) MCPCM1-e3 after
drying. (a1) opaque white solids (b1) slightly translucent white solids (b2) accumulated liquid
(c1) opaque white solids (d1) clustered white dry grains.

All of the samples from experiment 3 (MCPCM3) resulted in a dry grainy powder,
similar to a fine sand, Figure 4.4-4. No liquid accumulated at the bottom of the glass
dishes after drying.
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A
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a1
a2

b1

Figure 4.4-4. Photo observations from encapsulation experiment 3. (A)
MCPCM3 solids before drying and (B) after drying. (a1) opaque white
solids, (a2) liquid, (b1) opaque white fine dry grains.

4.4.2.1 Characterization
Since, only a small fraction of the first encapsulated experiment resulted in a dry solid
that could be characterized, MCPCM1 was viewed under the SEM, Figure 4.4-5. From
the image, it is noticeable that the agglomerated solids were clusters of small spherical
shapes with many holes in the surface. The thermal behavior of MCPCM1 was evaluated
using the DSC. The thermograms show no thermal activity, confirming the lack of
encapsulated methyl laurate, Figure 4.4-6A. Therefore, the first encapsulated experiment
failed and did not result in any methyl laurate encapsulated by the SiO 2 shell.

Figure 4.4-5. SEM image of MCPCM1
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The fine grainy solids from experiment 3 were evaluated using the DSC to determine if
methyl laurate had been successfully encapsulated. A melting peak near the expected
melting temperature of methyl laurate will confirm the successful encapsulation of
methyl laurate in the SiO 2 shell. The thermograms revealed some kind of thermal activity
between -20°C and -40°C during both cooling and heating, Figure 4.4-6B. The solids
released and absorbed a small amount of energy, ΔH fusion = 1.18 J g-1 and ΔH melt = 1.12 J
g-1. Further characterization is needed to determine what specifically caused the
observed thermal activity
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Figure 4.4-6. DSC curves from encapsulation experiments . (A) Crystallization and
melting curves for MCPCM1-e. (B) Crystallization and melting curves for MCPCM3.
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CHAPTER 5. DISCUSSION

5.1

Developed Phase Change Material

Two possible compositions of fatty acid methyl esters have been identified that could be
used as a phase change material for the application of reducing ice and snow on concrete
pavements. The binary mixture of methyl laurate + methyl myristate with the
composition, x laurate ≈ 0.77, which melts at ~0.21°C and releases ~174 J g-1 and the binary
mixture of methyl laurate + methyl palmitate, the predicted composition x laurate ≈ 0.84
with ΔH ≈ 166.4 J g-1 at a temperature ~2.11°C.
For effective use of a phase change material in concrete to reduce the formation of snow
and ice, it is desirable to have a single, large release of energy within a specific
temperature range near the freezing point of water. Initial screening of a variety of lipid
mixtures did not exhibit the desire thermal behaviors (see Appendix A). This initial
screening focused the research on binary mixtures of methyl esters which possessed the
desirable thermal behaviors for this application.
Mixtures of methyl esters form non-ideal solutions which do not simply melt at the
average temperature of the pure components. Multiple solid structures can form upon
phase transformation due to the variety of associations between components. This is a
phenomenon known as polymorphism. As the number of components in the system
increases, the number of possible structures also increases. These different structures melt
at different temperatures based on their Gibbs free energy of association [49]. At each
temperature, a portion of the total energy in the system is released, rather than all the
energy releasing at one temperature [59].
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Even in binary mixtures of methyl esters, multiple structures can form due to
polymorphic behavior. However, if a eutectic formation occurs, the solid phase forms a
homogenous structure, with uniform thermal properties. When this eutectic solid phase
melts, it produces a sharp peak within a narrow temperature range where all the energy is
absorbed [41].
Fifteen different compositions of methyl laurate and methyl myristate binary system and
ten different composition of methyl laurate + methyl palmitate binary system were
selected for evaluated to determine the composition with the thermal properties in the
desire temperature range.
Hysteresis effects were observed for the FAME mixtures. The freezing temperatures from
the DSC cooling curves were at a lower temperature than the melting points from the
melting curves (Table 4.3-18 through Table 4.3-21). Crystallization normally occurs at a
lower temperature because crystallization depends on a number of thermodynamic and
kinetic aspects such as the nucleation and growth rate. The different conditions during
crystallization cause the crystallization temperature to occur at a lower temperature than
the melting temperature. During melting however, these affects are minimized. The
melting behavior was used for determining the thermal properties of our phase change
material.
Additionally, a solid-liquid phase diagram is supposed to reflect phase behavior under
equilibrium conditions [94]. Since crystallization exhibits behavior that would differ from
equilibrium, the melting curves were used for the phase diagram development discussed
below.
Methyl Laurate + Methyl Myristate
Methyl laurate + methyl myristate melting curves at different compositions display the
complexities of binary mixture phase behavior, Figure 4.3-18. As the methyl myristate
composition increases, the melting behavior begins to display polymorphic behavior.
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In the composition range of x laurate ≈ 0.68 through x laurate ≈ 0.77, the melting behavior
occurs over a single endothermic release between T M,onset ≈ -2.14°C and T M,end ≈ 2.18. In
this composition range, the methyl laurate and methyl myristate molecules are able to
form a set of highly similar solid structures that melt with a single endothermic release.
Examining this composition range, the endothermic releases for x laurate ≈ 0.77 occurs at
the narrowest temperature range; hence we consider this to the eutectic composition for
this binary system. At the eutectic composition, all of the molecules form one type of
structure which results in an endothermic release at the narrowest temperature range.
At compositions lower than x laurate ≈ 0.68, a distinct secondary endothermic peak appears.
This peak’s melting temperature increases with the increased amount of methyl myristate
in the system. As the composition of the larger methyl myristate molecules increases,
structures form with increasing the Van der Waals interactions/decreasing the Gibbs free
energy.
The eutectic formation occurs only at compositions above x laurate ≈ 0.63. At the eutectic
composition, there is a homogenous structural arrangement of the molecules that when
they melt all the enthalpy is released.
At compositions between x laurate ≈ 0.63 and x laurate ≈ 0.12, there are two endothermic
peaks which occur at ~0°C and ~1°C. These peaks occur at a very narrow temperature
range. Methyl laurate and methyl myristate only differ structurally by two carbon atoms.
Small variations in the alignment of these molecules can decreases the amount of Van der
Waals interactions, increasing the Gibbs free energy. In this composition range, there are
reactions occurring, a peritectic reaction and a metatectic reaction. The peritectic reaction
occurs at temperatures just above the eutectic reaction, followed by the metatectic
reaction. These isothermal reactions result in the formation different structures. Since
these two reactions occur so close together, the structures are probably very similar.
This can be envisioned as the alignment of the molecules being slightly different and any
slight deviation results in a different amount interactions causing slightly different
melting temperature. For an example, if the image below is one of the structures:
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A slight variation in the alignment of the molecules, such as below, could alter the
melting temperature. Increased interactions of between the methyl esters molecules
results in decreasing the Gibbs free energy, hence the increase in the melting temperature
of these structures.
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Use of Tammann Plot
With the use of the DSC melting curves, a Tammann plot was constructed. A Tammann
plot is used to delimit the regions where each invariant point occurs and to help
determine the eutectic composition [68], [71], [78]. A Tammann plot was developed for
methyl laurate and methyl myristate system based on the DSC measurements, Figure
5.1-1. Interpreting where each reaction occurs on the melting curves to determine the
associated enthalpy was often difficult due to the fact the transitions occurred in narrow
temperature ranges resulting in overlapping peaks. The significant overlapping of the
peritectic and eutectic reactions led to the imprecision in determining the eutectic reaction
triangle. The enthalpy decreasing away from the eutectic point overlapped with the
peritectic significantly. The two points at x laurate = 0.72 and x laurate = 0.67, are plotted as
the enthalpy associated with the eutectic reaction. However, the DSC measurements did
not provide the resolution necessary to fully confirm association with the eutectic
reaction. Since the endothermic peak at x laurate = 0.77 occurs at the narrowest temperature,
this composition is interpreted as the composition closest to the eutectic point. Therefore
endothermic peak at x laurate = 0.72 and x laurate = 0.67 is a combination of the peritectic and
eutectic reaction. Since the enthalpy could not be specifically determined for the two
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reactions, the eutectic triangle was left uncompleted. Analysis techniques such as X-ray
diffraction can further delimit the range of the different reactions, but is out of the scope
of this research.
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Figure 5.1-1. Tammann plot for methyl laurate + methyl myristate system: (▲) eutectic
reaction enthalpy, () peritectic reaction enthalpy, and (×) metatectic reaction enthalpy.

For each reaction, the enthalpies should increase linearly to the invariant point and
decrease linearly away from the point [78], delimiting the regions of the different regions
in the phase diagram. The eutectic reaction occurs between x laurate ≈ 0.92 to x laurate ≈ 0.65.
The eutectic point was difficult to determine using the Tammann plot because of the
overlapping peaks. With the assumptions made for determining the eutectic point using
the Tammann plot, the eutectic point occurs near x laurate ≈ 0.77. The amount of enthalpy
released will be between 38 kJ mol-1 and 41 kJ mol-1 (~172 – 185 J g-1). These slight
variations do not alter the application based conclusions for this research.
The enthalpy associated with the transition occurring at ~0.14°C increases linearly until
around x laurate ≈ 0.65 where the peak overlaps with the eutectic reaction significantly. The
linearly increasing enthalpy behavior verifies that this peak is indeed associated with a
reaction rather than a solid-liquid transition occurring between x laurate ≈ 0.2 and
somewhere around x laurate ≈ 0.7. This is a peritectic reaction, which occurs at temperatures
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above the eutectic reaction and below the liquidus line. Peritectic reactions have been in
previously observed in binary systems of fatty acids and other methyl esters [67]–[69],
[74].
Additionally, the enthalpy associated with transition occurring at ~1.01°C, increases
linearly to about x laurate ≈ 0.65. This confirms the assumption that these transitions are
associated with a reaction occurring between x laurate ≈ 0.1 and x laurate ≈ 0.65. Metatectic
reactions are an isothermal recrystallization of a solid phase into a new solid + liquid
phase. It occurs at temperatures above the peritectic reaction. Metatectic reactions have
been in observed in binary systems of fatty acids and other methyl esters [67]–[69], [74].
The enthalpies decrease linearly away from each eutectic, peritectic or metatectic
composition until crossing the composition axis where either solid solution forms or if it
crosses at the extrema, without the formation of solid solution. The developed Tammann
plot shows that solid solution appears at compositions below x laurate ≈ 0.02 and above
x laurate ≈ 0.92.
Looking at the Tammann plot, the there is a clear difference in the enthalpy associated
with each of the reactions. The eutectic reaction reaches a maximum enthalpy ~41 kJ
mol-1. The maximum enthalpy for the peritectic reaction is ~30 kJ mol-1 and the
metatectic reaction is ~11 kJ mol-1. The rest of the enthalpy of the mixtures is linked to
the broad melting peak. Therefore, the eutectic composition of the phase change material
should be at the highest potential enthalpy in the system.
Methyl Laurate + Methyl Myristate Phase Diagram
The solid-liquid phase diagram for methyl laurate + methyl myristate binary system was
developed based on the DSC thermograms and the Tammann plot, Figure 5.1-2. The
phase diagram exhibits a eutectic point and two invariant points, a peritectic and a
metatectic points. The phase diagram is divided into 14 regions of equilibria: four
regions of solid-solid equilibrium, C b + l , C b + Chb , C + Cha and C a + C ; five regions of
solid liquid equilibrium, C b + l , Chb + l , C + l , C a + l , and Cha + l ; and five monophasic
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regions under the liquidus line C b , Chb , C a , Cha and C . Where, C a and C b represents a
solid solution rich in one of the components, (a, methyl laurate; b, methyl myristate); Ch
refers to the solids formed after the recrystallization during the metatectic reaction; C
solids formed by the mixture of the components and l the liquid phase.
Based on the DSC thermograms and the Tammann plot, the eutectic isotherm occurs at a
temperature approximately ~-0.20°C, the average of the eutectic peak temperatures. The
eutectic composition occurs at x laurate ≈ 0.77, based on the sample’s experimental
composition. The peritectic isotherm occurs about 1°C higher than the eutectic
temperature, at ~0.14°C, determined from the average of the peritectic peaks temperature.
And the metatectic isotherm occurs about another degree higher at ~1.01°C, determined
from the average of the metatectic peak temperature. The temperature proximity of these
reactions made precise identification difficult.
The plotted data points for the liquidus line represented by the melting temperature points
are the temperatures at the peaks maximum change in heat flow. Although the liquidus
line represents the point where the liquid changes to solid or vice versa, the peak
temperature was selected for the phase diagram because of the approximately 1.5 degree
difference between the peak and the completion of melting. Additionally, all of the
reaction data points and the transition data points are plotted using their peak
temperature, the point at maximum change in heat flow from the DSC curves.
The developed phase diagram compliments other phase diagrams of fatty acid methyl
esters that differ by only two carbons, methyl palmitate + methyl stearate and methyl
myristate + methyl palmitate. These binary systems also showed similar significant
overlapping of the metatectic and peritectic reactions [74].
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Figure 5.1-2. Solid-liquid phase diagram for methyl laurate + methyl myristate binary system:
(a) methyl laurate, (b) methyl myristate, (∎) melting temperature, () eutectic temperature, ()
peritectic temperature, () metatectic temperature, (+) solid-solid or solid-liquid transitions, and
() transition temperature of the pure components.

Methyl Laurate + Methyl Palmitate
The methyl laurate + methyl palmitate binary system’s melting curves display fewer
endothermic peaks, Figure 4.3-22. In this binary system, there is only a eutectic reaction
during the solid liquid phase transition.
At the composition, x laurate = 0.91, the eutectic reaction appears at T M,eut = 1.86°C but its
peak overlaps with the melting peak which occurs at T M,melt = 3.91°C. Most of the
sample melts at T M,melt = 3.91°C, the higher melting temperature due to increased Van der
Waals interactions between the MeC12:0 molecules. The small amount of MeC16:0
interrupts these structures, resulting in the formation of a different structure with a
slightly higher Gibbs free energy because of the slight change in alignment of the
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molecules. This causes the melting of these structures to occur at a lower melting
temperature.
At x laurate = 0.82, the eutectic reaction at T M,eut = 2.17°C accounts for the majority of the
endothermic behavior. There is a small broad peak after the eutectic reaction at T M,melt =
6.65°C. This peak melts at a slightly higher temperature because of the increased Van der
Waals interactions between the MeC16:0 that was added to the system.
As the methyl palmitate composition increases in the system, the melting peak’s
temperature increases. The increased interactions between the MeC16:0 molecules
results in a higher melting temperatures. The shifting of this peak relates to the structures
beginning to resemble the interactions which occur in pure MeC16:0.
The eutectic reaction occurs at all the compositions from x laurate = 0.91 to x laurate = 0.13.
At these compositions, when both MeC12:0 and MeC16:0 are present, the structures from
the eutectic reaction are always able to form. These structures are have a higher free
energy state because of the non-homogenous mixture.
The eutectic composition was not observed with these ten mole fractions of methyl
laurate. The eutectic composition occurs between x laurate = 0.91, where the eutectic
reaction first appears, and x laurate = 0.82, where the melting peak and eutectic peak are
first separated.
There are two transition peaks that occur during melting. A transition peak at ~9.2°C for
compositions between x laurate = 0.73 and x laurate = 0.47. An additional transition peak
appears at ~12°C between x laurate = 0.73 and x laurate = 0.64. However, these small
endothermic peaks reflect a transition and not related to another reaction, which can be
confirmed using a Tammann plot.
Use of Tammann Plot
A Tammann plot was developed for the eutectic reaction in the methyl laurate + methyl
palmitate system, Figure 5.1-3. The enthalpy behavior exhibited by this system is typical
for binary systems displaying a eutectic point [63], [67], [71], [78]. The enthalpy
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increases as the composition moves toward the eutectic composition and decreases as it
moves away. The intersection of these two lines denotes is the eutectic composition and
associated enthalpy, which occurs at x laurate ≈ 0.84 and ΔH ≈ 36.4 kJ mol-1 (~166 J g-1).
The two lines were determined using a linear fit for the eutectic enthalpy for the data
between x laurate = 0.0 and 0.82 for the line leading up to the eutectic composition and a
linear fit for the remaining two data points. It was assumed that the eutectic enthalpy is
zero for the methyl laurate (x laurate = 0.00) and methyl myristate (x laurate = 0.99). The
solid solution forms where line intersects the x-axis, at x laurate ≈ 0.01. Since the line
decreases linearly away from the eutectic intersecting the x-axis at x laurate = 1.0, no solid
solution forms at this end of the phase diagram.
The second line used for determining the eutectic point at the intersection of the two lines
only had two data points. In the future, adding additional samples with compositions
above x laurate = 0.80, will increase the precision of the eutectic point. However, it is
known that the eutectic point will be between the two known compositions x laurate = 0.907
and x laurate = 0.822 and will be near x laurate ≈ 0.84 and ΔH ≈ 36.4. Additionally, this does
not change the conclusions presented here for the application based objective.
The transitions that occurred at approximately 9°C and 12°C between x laurate = 0.73 and
x laurate = 0.47, were plotted based on their associated enthalpy. The enthalpy varied
without a regular pattern, this is indicative that it is not a transition associated with a
peritectic or other type of reaction. These transitions are within the solid phase. Carareto
et al., noted this behavior for binary mixtures of saturated fatty alcohols [71].
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Figure 5.1-3. Tammann plot for methyl laurate + methyl palmitate binary: (▲) eutectic
reaction enthalpy, (+) enthalpy for transitions at ~9°C, () enthalpy for transition at ~12°C.

Methyl Laurate + Methyl Palmitate Phase Diagram
The methyl laurate + methyl palmitate phase diagram was developed based on the DSC
thermogram and Tammann plot, Figure 5.1-4. Solid-liquid phase diagram for methyl laurate +
methyl palmitate binary system: (a) methyl laurate (∎) melting temperatures, (▲) eutectic

reaction temperature, (+) solid-liquid transition temperature.Figure 5.1-4. The methyl
laurate + methyl palmitate binary system exhibits a single eutectic point. There are four
regions including a two solid-liquid equilibrium regions C b + l and C a + l ; and two
monophasic regions under the liquidus line C and C b . Where, C b represents a solid
solution rich in methyl palmitate and C solids formed by the mixture of the components.
The data points for the liquid line are the peak melting temperature rather than the end
melting temperature. The peak melting temperature was used rather than the end of
melting because of the broad nature of the melting peaks. As the rate of temperature
change decreases, the melting peak range will become narrower and the peak temperature
will coincide with the completion of melting. Additionally, the peak temperature was
plotted for consistency between other plotted data points. The eutectic isotherm occurs at
~2.11°C, which is the average of the eutectic peak temperatures from the DSC melting
curves. The system has a eutectic point at a methyl laurate molar concentration of x laurate
≈ 0.84, determined from the Tammann plot. There are a couple of solid-liquid transition
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points between x laurate = 0.46 and x laurate = 0.73 occurring ~9°C and ~12°C. Solid solution
forms at x laurate ≈ 0.01, but not at the other end of the phase diagram. The different phases
of the phase diagram can be further verified through the use of X-ray diffraction which is
out of the scope of this research.
The developed phase diagram compliments the phase diagram Costa et al. developed for
a methyl myristate + methyl stearate binary system, another system with that differs in
four carbon atoms [74].
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Figure 5.1-4. Solid-liquid phase diagram for methyl laurate + methyl palmitate binary
system: (a) methyl laurate (∎) melting temperatures, (▲) eutectic reaction
temperature, (+) solid-liquid transition temperature.

Comparison
For just two different binary mixtures of methyl laurate presented here, we have two very
different phase diagrams. The differences are due in large part to the differences between
the two fatty acid methyl ester’s hydrocarbon chain lengths. Many phase diagrams have
been determined for binary mixtures of TAGs and fatty acids; the differences in the
hydrocarbon chain lengths affects which type of solid-liquid phase diagram the system

136
forms [51], [62]–[64], [66]–[69]. In the present study, the binary mixtures with
hydrocarbon chains differing by four carbons presented a simple eutectic system and
systems differing by two carbons presented a complex system with a eutectic, peritectic
and metatectic reactions. The simple eutectic binary mixture does not occur for fatty acid
mixtures until difference in the carbon chain are six or more. This means the differences
in carbon chain lengths play a more important role in methyl esters than in fatty acid
systems. Costa et al. observed the same behavior for systems of longer alkyl chain length
binary systems of fatty acid methyl esters; also noting that the chain length differences
play an important part for methyl ester binary systems [74].
The eutectic reaction occurs at a higher composition of methyl laurate in the methyl
laurate + methyl palmitate system than the methyl laurate +methyl myristate binary
system. This shift in temperature may have to do with the increase in temperature
differences between the pure materials. Inoue et al. [62], [63], conducted experiments of
binary systems of oleic acid with various saturated fatty acids. The systems displayed a
eutectic phase diagram with the eutectic point shifting as the temperature differences
between the pure fatty acids increased, eventually the system shifted to a monotectic type
phase diagram. In the monotectic phase diagram, the reaction under the liquidus line
never intersects for any composition. The systems are perfectly immiscible in the solid
phase regardless of the composition ratios. Additionally, Himawan et al., mentions that
the increase in the temperature difference of the pure TAG’s shifts the phase diagram
from a eutectic to a monotectic, and that the reasons are largely unexplored [51]. The
results of the present study with literature support suggests that the eutectic point in the
methyl laurate + methyl stearate system may shift with the increased temperature
difference resulting in a monotectic type phase diagram, a few binary mixtures of methyl
laurate + methyl stearate were discussed in Appendix A, Section A.5. A monotectic phase
behavior would not be desirable for a phase change material because it results in multiple
endothermic peaks over a wide temperature range. Further studies need to be conducted
to determine what type of solid-liquid phase behavior the methyl laurate + methyl
stearate would exhibit.
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Conclusion
Understanding the phase diagram for each methyl ester mixture is beneficial for
determining an appropriate phase change material for an application. The developed
phase diagram for methyl laurate + methyl myristate shows that these methyl esters form
multiple structures that melt at different melting points leading to more complex phase
behavior. Selecting the appropriate composition is important to ensure the maximal
amount of enthalpy is absorbed/releases in the desired temperature range. The
composition selection needs to be precise because there are multiple transitional reactions
occurring in a narrow temperature range, all within a small composition range. The
methyl laurate + methyl palmitate binary system forms fewer structures leading to a
simple eutectic system. Therefore, the enthalpy is absorbed/released during the melting
peaking or the eutectic peak. At the eutectic point, the amount of enthalpy released is
maximized when it is confined to a narrow temperature range. Therefore, these phase
diagrams are crucial for understanding how the selected materials could perform as a
PCM.
As discussed earlier, the phase diagrams were developed using the DSC melting curves
because thermodynamic and kinetic factors affecting crystallization are minimized during
melting. In this application however, the phase change material was developed to utilize
the energy released during crystallization and not the amount of energy absorbed during
melting. Therefore, temperature differences between crystallization and melting must be
considered when selecting the appropriate PCM for the application.
In the methyl laurate + methyl myristate binary system, the onset of crystallization is on
average 3 degrees lower than the onset of melting, represented by the onset temperature
for the melting peak not the eutectic peak. The methyl laurate + methyl palmitate binary
exhibited on average about 2.7 degrees lower than the onset of melting temperature.
However, the effects of supercooling will be minimized in practice because the cooling
rate in the environment is significantly slower than 1°C min-1, this will allow sufficient
time for the nuclei to form. Also when incorporated into the concrete via lightweight
aggregate, the aggregate can act as a nucleating agent, decreasing the nucleation time.
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These aspects will increase the crystallization behavior closer to the melting behavior
temperatures. Therefore, the melting curves provide the best theoretical approximation.
After future experimentation, if the incorporated PCM still exhibits a significant amount
of supercooling, then the temperatures from the crystallization curves should be used for
determining the appropriate phase change material. The methyl laurate + methyl
palmitate binary system eutectic peak temperature (T C,peak2 , Table 4.3-18) occurs around 6°C. The methyl laurate + methyl palmitate binary system eutectic peak crystallization
temperature (T C,peak2 , Table 4.3-20) occurs around -2°C. These are both a couple degrees
below 0°C. In this case possibly the methyl laurate + methyl stearate binary system may
prove to be the best phase change material. Future work including the detailed analysis
of the methyl laurate + methyl stearate binary system will provide this valuable
information.
Another aspect to consider is that in practice the freezing temperature of ice is also
depressed below 0°C. Therefore, the phase change materials crystallization temperature
may need to actually be closer to 0°C or slightly below. In that case, the methyl laurate +
methyl myristate binary system would be the appropriate PCM for the application, when
considering the values from the melting curve.
If other incorporation methods are explored, understanding the physical nature of how the
PCM will be incorporated should be taken into account in deciding which FAME binary
mixture to use for the application. For example, if the PCM is incorporated by
embedding in a pipe in the concrete, the inside surface of the tube needs to provide
nucleation sites for the PCM to prevent supercooling. If the inside surface of the pipe is
smooth, the temperature from the crystallization curves should be used for the
determining which binary methyl ester mixture to use.
All in all, the developed phase diagrams for methyl laurate + methyl myristate and
methyl laurate + methyl palmitate provide fundamental information about how the
selected materials could perform as a PCM at a specific temperature and composition.
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5.2

Incorporation into Concrete

The incorporation of the greatest amount of methyl esters into the concrete system was
achieved through vacuum absorption of methyl esters into graded Buildex Marquette
lightweight aggregate size #8, 27.3 ± 2.0 % by mass. The largest ungraded mass
percentage of methyl esters was reached through vacuum absorption of Haydite
lightweight aggregate, 23.3 ± 1.5 % by mass.
The results from the water absorption experiment under vacuum conditions were used as
the total absorption capacity for each the aggregates, Section 4.4.1.1. The absorption
capacity for Buildex Marquette is about 10% more than Haydite. The water capacity was
~32% for ungraded Buildex Marquette and ~23% for ungraded Haydite. The absorption
capacity varied for graded aggregate. The range in absorption capacity for Haydite is
much larger than for Buildex. Therefore, the Buildex Marquette LWAs may be more
uniform in pore structure between sizes resulting similar absorption capacities. The trend
for water capacity is a decrease in absorption mass percent as the size of the aggregate
decreases. Castro et al. notes that that when aggregate is being tested at different sized
particles that the absorption of the small aggregate is less than the absorption of the larger
particles sizes [89]. This was also observed the present study. This is most likely due to
the fact the small particles may have less pores because they have expanded less when
the shale is expanded during formation.
Using the water experiment as the theatrical maximum absorption for methyl esters,
Buildex Marquette should absorb more methyl esters than Haydite under vacuum
conditions, Table 4.4-2. There was about a 10% decrease in absorption from the water
absorption to the methyl esters. This decrease could be caused by the increase in
viscosity of methyl esters. Buildex Marquette absorbed more for each of the graded
aggregate besides #4. The ungraded Haydite mix absorbed more methyl esters than
Buildex. In fact, the absorption capacity of Buildex #4 is about the same as the ungraded
mix and Haydite #8 is about the same as the ungraded mix. In these experiments, the
percent of each aggregate is unknown in the ungraded aggregate mix. However, since the
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ungraded absorption is close to a particular graded size; the sample of the ungraded mix
used in the experiment may contain a majority of that particular aggregates pores size.
Absorption of the methyl esters under ambient conditions provides a practical industrial
scale absorption capacity because of the implications of using vacuum absorption in
practice, Table 4.4-2. The absorption capacity during ambient conditions resulted in
similar absorption trends in the different aggregate sizes, though less was absorbed.
Under ambient conditions, Haydite absorbed about 11% methyl esters and Buildex
absorbed about 9.4%. However, for each individual aggregate size, Buildex absorbed
more than Haydite. The ungraded Buildex absorption capacity was the lower than all the
graded absorptions. The reasons for the decrease in absorption for the ungraded mix are
unknown.
The difference between the vacuum absorption capacity and ambient absorption capacity
for the methyl esters shows that the pressure gradient for the liquid to penetrate into the
pores is large enough to prevent more absorption in ambient conditions. The decrease
from vacuum absorption to ambient absorption is also observed for water [89]. The
largest decrease from vacuum to ambient conditions was with the Buildex #8 and Haydite
#4.
In practice, the lightweight aggregate would not be graded before use. Therefore,
focusing on the capacity of the ungraded mixes during ambient conditions is important.
The absorption of methyl esters under ambient conditions at extended time periods
showed a slight increase in capacity, Section 4.4.1.3. But the increase was only
significant when it was carried to 72 hours. Approximately 80% of the methyl esters
absorbed after 72 hours were absorbed during the first 24 hours.
The paraffin oil showed an initial increase in absorption at 48 hours but at 72 hours there
was a decrease. This is unusual. There was a large standard deviation in this experiment,
so changes over time are not statistically significant (P<0.05). The large standard
deviation may be due to the sample of Buildex Marquette used for the 72 hour
experiment contained more aggregate with smaller pores preventing a large increase in
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absorption. In the water absorption experiment at ambient conditions at extended times,
Buildex Marquette only increase 0.9% from 24 hours to 48 hours [89]. This is
comparative to our experimental results with the ~1% absorption increase from 24 hours
to 48 hours of methyl laurate and paraffin oil. Comparing methyl esters the paraffin
absorptions at each time point, none of the different are statistically significant (α=0.05).
Therefore, the data shows that at ambient conditions, the end methyloxy group in the
methyl esters does not affect the absorption capacity into the LWA vs. saturated
hydrocarbons chains varying in length.
This experiment used paraffin oil because of the long use of paraffins as PCMs [7], [79],
[80], [86]. The paraffin oil used in this research displayed a melting temperature at ~6°C,
similar to methyl laurate, and displayed a small endothermic peak at ~-28°C, Table 4.3-2.
The specific composition of the paraffin oil used is unknown. According to its safety
data sheet [95], it is a blend of different length paraffins varying between five and twenty
carbons. The low melting peak is associated with the shorter paraffin chains and the high
melting peak is associated with the medium paraffin molecules. It can be assumed this
paraffin oil is largely composed of n-tetradecane, since it has melting temperature of
~6°C.
The vapor pressure of n-tetradecane when compared to methyl myristate (same number
of carbons in the hydrocarbon chain) is two orders of magnitude larger. Comparing the
vapor pressure of pure paraffins to pure methyl esters of the same length, paraffins are
approximately 2 orders of magnitude larger (Table 2.1-1 and Table 2.2-4).
A materials vapor pressure will also increases with temperature. The summer heat will
significantly increase the vapor pressure. Since the vapor pressure of the methyl esters
are about 2 orders of magnitude lower than paraffins, it is unlikely that any significant
amounts of methyl esters will evaporate compared to the amount of paraffins that would
evaporate. Additionally, a material’s flammability is directly related to its vapor
pressure, hence paraffins pose a potential hazard compared to fatty acid methyl esters.
These issues need to be considered if paraffins are used as a PCM because of the increase
in volatility and instability the material.
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Thermal Properties of LWA + PCM
The thermal properties of fatty acid methyl esters absorbed into the pores of lightweight
aggregate were similar to the bulk thermal properties of the mixture, Table 4.3-15. The
temperatures of the endothermic and endothermic peaks were within 1°C from the bulk
material. The results of the experiment suggest that lightweight aggregate is a viable
vessel for incorporating methyl esters into concrete system without significantly affecting
the bulk materials thermal properties.
Delaying Crystallization Freezer Experiment
Using Buildex #16 lightweight aggregate from a vacuum absorption experiment with
~25% absorbed, there was a delay in crystallization of water when placed in a ~-12°C
environment, Figure 4.2-4. For an initial proof of concept, the lightweight aggregate with
methyl esters prevented the water from crystallizing in experiment 2 for an additional 18
min, experiment 3 for 37 min and in experiment 4 for 11 min. The increase in the delay
from the 2nd to 3rd experiment may be the result of more LWA with PCM incorporated.
The more methyl esters that are crystallizing in the system will increase the energy
release. Interestingly, in experiment 2, although crystallization of the water occurred at
~52 min, the water temperature did not drop below 0°C until ~80 min, Figure 4.2-5.
Therefore, the water was able to crystallize at a slightly warmer temperature than what
was observed in the control vial. Experiment 3 had the greatest delay in crystallization
but the water temperature between the controls and the LWA+PCM remained almost
equal. Therefore, the PCM did not provide enough energy to the system to increase the
water temperature but it did provide enough energy to delay crystallization. These results
confirmed that incorporating methyl esters into the pores of lightweight aggregate does
indeed delay crystallization of water.
Encapsulation
In general, there was not a successful incorporation of methyl laurate into an
encapsulated SiO 2 shell. The solids from the third experiment showed a small amount of
thermal activity near -20°C but the nature out this activity is unclear, Figure 4.4-6. An
unstable oil in water emulsion could be the cause of the unsuccessful incorporation of
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methyl esters into the SiO 2 shell. Encapsulation of methyl esters has the potential to be
useful in applications however, after these experiments it is still unknown how much
methyl laurate could be encapsulated and how the encapsulation would affect its thermal
properties.
Conclusion
Overall, the maximal amount of methyl esters that can be absorbed into lightweight
aggregate was achieved through vacuum absorption. However, this may not be practical
in industrial scales; in that case the maximum amount of absorption was achieved in
Buildex Marquette during ambient conditions when carried out for 72 hours. In practice,
many components will need to be considered when determining what is appropriate for
their application. Considering 80% of the methyl laurate is absorbed by 24 hours, that
extra 20% absorbed may not be significant to make a large enough impact on the
application. Encapsulation of methyl laurate might be proved a useful way for
incorporating into the concrete system but after this study it is still unknown. An
alternative methods such as embedding a tube filled with a methyl ester mixture into the
concrete system are currently being explored. As discussed earlier, understanding the
physical nature of how the PCM will be incorporated is important for determining which
temperatures to use for selecting the approximate PCM Further details into this approach
and the results are found by our collaborator, Yaghoob Farnam, a graduate research
assistant in the School of Civil Engineering at Purdue University [16].
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CHAPTER 6. CONCLUSION

Thermal properties of a phase change material to be incorporated into concrete
infrastructure for use in reducing the amount of snow and ice on concrete pavements have
been reported.
Two possible fatty acid methyl esters mixtures have been identified that display the
required thermal properties. The first is a binary mixture of methyl laurate + methyl
myristate with the mole composition of x laurate = 0.77, with a melting peak temperature of
0.21°C and ΔH = 174 J g-1 during its phase transformation. The second is a binary
mixture of methyl laurate + methyl palmitate with a predicted mole composition of
x laurate =0.86 with ΔH = 167.5 J g-1 at a temperature of 2.4°C. The identified compositions
occur at the eutectic point of their phase diagram ensuring maximum use of the total
enthalpy in the system. A phase diagram was developed for each of these binary mixtures
which has never been reported in literature. Future work on these phase diagrams could
include developing models for the liquidus line similar to the work done by Suppes et al.
[77], as discussed in Section 2.4.3.1.
The incorporation of fatty acid methyl esters into graded Buildex Marquette #8
lightweight aggregate (LWA) through vacuum absorption resulted in the highest mass
percent absorption of 27%. Whereas ungraded Haydite LWA absorbed 23% mass
percent of fatty acid methyl esters under vacuum. However, vacuum absorption may not
be practical in industrial processes. Thus, under ambient conditions, ungraded Buildex
Marquette LWA absorbed the highest mass percent of 11%, after 72 hours. Ambient
absorption of the fatty acid methyl esters still provides enough energy to provide the
necessary thermal behaviors. The thermal properties of the bulk methyl esters were not
significantly changed when incorporated into LWA. Work on the effects of using LWA
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with methyl esters absorbed in concrete mortar samples is currently underway by
Yaghoob Farnam and Matthew Krafcik, School of Civil Engineering and School of
Material Science and Engineering at Purdue University, respectively [16].
Preliminary attempts to encapsulate fatty acid methyl esters for incorporation into
concrete were unsuccessful, further studies are needed since encapsulation may be a
viable technology for this process compared to vacuum absorption. The ratio of
surfactant to methyl esters should be examined to ensure a stable oil in water emulsion
has formed before encapsulation.
While two FAME mixtures have been identified to have the desirable melting
temperature enthalpy of fusion, there are still some uncertainties about this technology.
The first limitation of this technology is the amount of energy released. Once the PCM
has completely solidified, no more energy can be released until it melts again. Therefore,
a complete freeze-thaw cycle is necessary before more energy can be released. This
technology would be well suited in milder climates where the temperature fluctuates
between above and below freezing within short time periods, such as the southeast and
pacific northwest United States. In climates where the temperature during the winter
stays right at or before 0°C for many days, this technology would not be as beneficial.
Another limitation is when the energy is released. Hypothetically, if the temperature
outside drops below 0°C hours before there is any snow or ice accumulation, then the
energy would have already been released and would not be available to be used when the
accumulation occurs. However, there are many benefits to this technology such as it
being biologically based and sustainable. Also, at this time, there appears to be no
maintenance required once the PCM is incorporated into the concrete. The material will
be able to continue to release energy reducing snow and ice as long as there are the
required temperature conditions. This technology could be used in conjunction of with
other heated pavement technology such as electrically conductive concrete to reduce the
energy input of this technology by extending the time before the temperature of the
concrete drops below 0°C. Full-scale experiments using PCM in concrete slabs to reduce
ice and snow accumulation have not been carried out yet. These experiments will bring
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key insights on the feasibility and the impacts this technology can provide for the aviation
industry.
The paraffin oil as a well-defined phase change material had similar thermal properties to
the identified methyl esters mixtures and similar absorption capacity into LWA.
Structural properties of concrete mortar samples use of LWA with paraffin absorbed into
concrete mortar samples has been explored as a comparison against the developed fatty
acid methyl ester mixture by Yaghoob Farnam and Matthew Krafcik, [16]. However
there are drawbacks to using paraffins for this application. Paraffins have a higher vapor
pressure compared to methyl esters of the same carbon number and are produced from
distillation of petroleum, therefore is dependent on non-renewable resources.
At the current time, the price of crude oil is relatively low making paraffin inexpensive.
However, paraffin oil is only marginally economical compared to fatty acid methyl
esters. Additionally, the economics is only one factor to consider when selecting a phase
change material. The identified binary fatty acid methyl ester mixtures are from
renewable sources such as palm, palm kernel, and coconut oils. There is a current
movement across all industries to become more environmentally conscious and
sustainable. The use of a sustainable phase change material which will reduce the use of
detrimental deicing salts will also decrease maintenance costs.
The concrete industry may be particularly interested in the incorporation of a biologically
based phase change material. As the cement industry accounts for 5% of the
anthropogenic global carbon dioxide emissions [96], reducing the need to replace
concrete will decrease the emission of these harmful greenhouse gases. The use of
chemical deicing salts can lead to premature concrete deteriorations. Hence, by
incorporating the developed sustainable phase change material it will reduce the amount
of deicing salts used on concrete pavements, increasing its durability and life span.
The findings in this research provide a unique alternative material that can be
incorporated into pavements to improve anti-icing practices and safety at airports.
Additionally, it is also sustainable, environmentally friendly, and provides potential cost
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savings when compared to current methods. Future use of the developed phase change
materials can also be implemented into sidewalks, driveways, and roadways to improve
safety in many locations.
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Appendix A

Discussion of Preliminary Results

The following is a discussion of the experimental results that did not meet the
requirements for this research projects concrete application. However, it may be useful
information for others interested in the thermal behaviors of lipids or potential phase
change materials.
A.1.

Oil Samples

A.1.1. Initial Observations for Solidified Potential PCMs
Olive oil solidified and had the hardest consistency of the samples when cooled to both
1°C and -16°C, Table 4.2-1 and Table 4.2-2. Each of the samples had a different
composition, each with their own melting temperature. Samples high in unsaturated
TAGs such as corn, soybean, and canola oil did not solidify as completely at -16°C.
Olive oil was the only oil which solidified without visible liquid at 1°C. The PCM
needed for the research projects application needs to solidify slightly about 0°C, therefore
these TAGs did provide the necessary phase behavior.
A.1.2. DSC Thermal Behaviors
The oil samples examined did not possess the required thermal properties to be used as a
phase change material for our application, Table 4.3-1. These samples did not release
enough enthalpy during crystallization to be used a PCM. The mineral oil displayed
minimal thermal behavior and would not work as a phase change material. The used
cooking oil biodiesel thermal properties were closer to the desirable properties,
confirming fatty acid methyl esters could display the required thermal properties.
The thermal properties did provide useful information for understanding how complex
systems of lipid based mixtures behave during crystallization and melting. The samples
exhibited multiple exothermic and endothermic peaks during crystallization and melting,
Figure 4.3-1. Polymorphism results in multiple peaks during phase transitions because
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the molecules can associate in many ways resulting in different solid structures [33],
[48]–[50].
Depending on the type of TAG molecules in oil, different polymorphic structures can
form [47], [51]. Each of these structures has a different melting temperature depending
on Van der Waals interactions. The crystallization and melting behavior becomes more
complex as the number of the structures in the sample increases. When more of the
sample conforms to one structure there is a greater percentage of the total enthalpy
released at that particular crystallization temperature, seen as a larger peak on the DSC
curves.
Melting and Crystallization Temperatures
High oleic soybean oil (A5), bleached high oleic soybean oil (A8), olive oil (A1) and
canola oil (A4) all contain TAGs with a high oleic fatty acid content [35]. The main
exothermic peak during crystallization (a 2 , b 2 , c 3 , and d 3 ) and the one main endothermic
peak during melting (a 3 , b 3 , c 3 , and d 3 ) suggest these peaks are related to the structures
formed from oleic acid TAG molecule associations.
Although canola oil’s (A4) thermal behavior has the same basic shape of the soybean, oil
and high oleic soybean oil, the thermal behaviors occurs at lower temperatures. Canola
oil contains more C18:2 TAG molecules. The increase in double bonds in the TAG
molecules causes steric hindrances preventing Van der Waals interaction between the
molecules. The increase in Gibbs free energy causes the melting temperature to decrease
[50].
Soybean and corn oil have similar compositions. Hence, similar structures can form for a
similar thermal behavior. These oils have a greater C18:3 TAG composition than the
others. This suggests the lowest melting peak at ~-80°C is the caused by the associations
with poly-unsaturated TAG molecules. The following exothermic peak as the
temperature increase is caused by the rearrangement of the TAG molecules into a more
stable form. As the temperature continues to increase, these structures melt [50], [51].
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Enthalpy
Structures formed from unsaturated TAG molecules are the least dense, melt at lower
temperatures and have lower melting enthalpies [52]. Therefore, the oils containing the
greater percentage of poly-unsaturated TAG molecules will have lower enthalpy. This
was observed in the DSC experiments, Table 4.3-1. The enthalpy increased from corn,
soybean, canola, olive, to high oleic soybean oil. This correlates the decrease in polyunsaturated TAG sample composition. Used cooking oil biodiesel has the greatest
amount of enthalpy of these samples. The major component of biodiesel is fatty acid
methyl esters (FAME). The single hydrocarbon chain in FAME allows more interactions
between molecules, therefore increasing the samples enthalpy.
Conclusion
Understanding the thermal behavior of the oil samples was beneficial for determining the
appropriate phase change material for our application. The complex thermal behavior of
TAGs is a direct result of the many different TAG molecules in the samples. Biodiesel’s
small molecular structure allows for an increase in enthalpy in the system, a desirable
property for the PCM.
A.2.

Mixtures of Vegetable Methyl Esters

The vegetable methyl esters samples, fractionated canola methyl esters and the mixtures
created from the vegetable methyl ester samples did exhibit the desirable thermal
behavior to be used as PCM in our application. These samples displayed complex
crystallization and melting behaviors Figure 4.3-3. The thermal behaviors of ME4 are
discussed Section A.4.A.4.

Coconut Methyl Esters

The multiple peaks during crystallization and melting related to the different structures
that form as a result of the samples methyl ester composition, similar to how the oil
samples behaved. The crystallization and melting behavior of ME1, ME2 and ME3,
followed a general behavior which is seen in all the mixtures blended from these three
samples, Figure 4.3-3. There were four exothermic peaks exhibited depending on the
sample composition, refer to composition tables in Section 4.1. The exothermic peak
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near 0°C is the crystallization of structures associating with the saturated methyl esters.
Near -40°C, the structures associating with methyl oleate crystallize followed by the
structures associating with methyl linoleate near -60°C. The exothermic peak near -70°C
is the remaining of the structures associating with methyl linolenate. The endothermic
peaks occur in reverse order of crystallization. During melting, exothermic peaks are
also observed due to the recrystallization of the methyl esters into more stable forms at
high melting temperatures. This behavior was previously described for palm oil methyl
esters by Foon et al. [59].
It appears that MeC18:1 and MeC18:2 blend together and form structure that crystallized
at one temperature rather than two separate temperatures. Foon et al., also concludes that
these unsaturated methyl esters crystallize at one temperature [59]. Depending on the
ratio of MeC18:1 to MeC18:2, the temperature of the exothermic peak near between 40°C and -50°C varies. The exothermic peak, a2, in ME1 occurs at a higher temperature
than the large exothermic peak, c3, in ME3 (Figure 4.3-3). ME3 contains a greater
amount of MeC18:2, which decreases the Van der Waals interactions between the
molecules. The decrease in Van der Waals interactions led to the decrease in melting
temperature of structures formed in the peak.
A.2.1. Urea Fractionation of Canola Methyl Esters
The fractionation of canola methyl esters confirmed that small broad
exothermic/endothermic peak at the highest temperature is related to structures formed
from the long chain saturated methyl esters. ME3 was fractionated into ME3-SAT,
contained a majority of the saturated methyl esters, and ME3-UNSAT, with most of the
saturated methyl esters removed, Table 4.1-2.
The absence of the small broad exothermic/endothermic peak in ME3-UNSAT and the
increase in intensity of this peak in ME3-SAT suggest that these peaks are related to the
structures associated with the long chain methyl esters Figure 4.3-4. Foon et al, also
noted that the occurrence of this peak depended on the saturated methyl esters content
[59]. The structures formed with the saturated methyl esters have a decrease in Gibbs free
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energy because there are less steric hinders preventing compact packing of the molecules.
Dunn reports that the melting of the saturated methyl esters occurs over a broad
temperature range is likely caused by the remixing of the melting saturated methyl esters
with the already liquid unsaturated methyl esters [39].
Conclusion
During solid-liquid phase transition, vegetable FAMEs form multiple structures that melt
at different temperatures. The structures formed from associations with the long chain
saturated methyl esters melt near the required temperature range. Therefore, MeC16:0
and MeC18:0 was added to the vegetable FAME samples to adjust the melting
temperature of this peak and the enthalpy released.
A.2.2. Methyl Esters Mixtures + Saturated Methyl Esters
The mixtures of methyl esters generated with the addition of saturated methyl esters did
not provide the required thermal properties to be used for our PCM. The crystallization
and melting behavior exhibited by these peaks were dependent on the methyl ester
composition, as seen in the other samples.
The addition of methyl palmitate and methyl stearate to ME1, ME2 and ME3 to form
samples containing 20%, 30% and 40% saturated methyl esters content resulted in the
increase of the temperature and enthalpy of the saturated methyl ester
crystallization/melting peak, Figure 4.3-7, Figure 4.3-8, and Figure 4.3-9. The same
behavior was observed when commercial methyl esters were blended together, Figure
4.3-10. With the increase in saturated methyl esters content, a larger portion of the
sample forms structures that have a lower Gibbs free energy due to the increase in Van
der Waals interactions between the saturated molecules. This increases the temperature of
the saturated peak. The saturated peak increased to a higher temperature when methyl
stearate was added. This is the result of the lower Gibbs free energy of the structures
formed from methyl stearate than when formed with methyl palmitate because of the
longer hydrocarbon chain.
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Although the saturated methyl ester content increased for all of mixtures 1-17, there was
little effect on the crystallization and melting temperature of the unsaturated methyl
esters. This behavior was also previously observed in palm oil methyl esters [59].
Therefore, the unsaturated methyl ester structures have little dependence on the saturated
methyl esters content.
There is a direct correlation with the saturated methyl esters content and the warmest
melting peak’s temperature. When methyl palmitate accounts for over 50% of the
saturated methyl esters, the melting temperature follows a slightly lower temperature
trend than when it is methyl stearate. Figure A-1 is a plot of the saturate methyl esters
mass percent of Mixtures 1-17 as a function of the last peaks melting temperature.
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>50% MeC16

Saturated Methyl Esters
Mass Percent (%)
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Figure A-1. The total saturated methyl ester mass percent vs. the melting temperature of the
last endothermic peak for Mixtures 1-17. Triangles are for samples with over 50% of the
saturated content as MeC18 and circles are for samples over 50% of the saturated content
MeC16.

The samples saturated methyl esters composition also affects the total enthalpy and the
enthalpy change between -5°C and 5°C. It is known that the larger the mass percentage
of methyl esters to melt/freeze at a particular peak results in the increase in the enthalpy
released/absorbed in that peak.
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The total enthalpy of fusion of Mixtures 1-17 was plotted against the total saturated
content in the sample, Figure A-2. With the increase in saturated methyl esters added to
the original sample, the enthalpy of fusion increased. The increase of enthalpy was
greater for samples with methyl palmitate than methyl stearate, which would not be
expected since methyl stearate is the larger molecule Inoue et al., noted in binary
mixtures of oleic acid with varying length saturated acids that two sections of oleic acids
hydrocarbon chain act independently with a negative affinity for longer fatty acid chains
the increase in saturated acid chain length [64]. The results suggest that the unsaturated
methyl ester have a higher affinity for the shorter methyl palmitate molecule than for
methyl stearate, therefore, there would be an increase in the enthalpy of fusion. In
addition, when the saturated methyl esters are of mainly one type it allows for
homogenous structures to form, increasing the total enthalpy of the sample. This can
explain why there was a decrease in the initial increase of saturate methyl esters because
it increasing the number of methyl esters in the sample.
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Figure A-2. Enthalpy of fusion vs. the total saturated methyl ester content in each sample.
ME1 and mixtures 1-3 (ME1+MeC16); ME1 and mixtures 4-6 (ME1+MeC18); ME2 and
mixtures 12-14 (ME2+MeC16); ME3 and mixtures 15-17 (ME3+MeC16); MeC18:1, mixtures
7 and 10 (MeC18:1+MeC16); MeC18:1, mixture 8 and 11 (MeC18:1 + MeC18); and
MeC18:1 and mixture 9 (MeC18:1 + MeC16 + MeC18). Solid lines are samples with MeC16
added, long dashed lines are samples with MeC18 added and short dash lines have both added.
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The amount of enthalpy released between -5°C and 5°C reflects where the peak melting
temperature occurs. If the saturated methyl esters content increases to where the
structures formed melt at a temperature over the temperature than that is where the
enthalpy is absorbed.
Conclusion
The addition of saturated methyl esters increased the last peaks melting temperature and
enthalpy. However, the enthalpies of the samples are still not above 150 J g-1.
Additionally, only a portion of the sample would be utilized if it was selected as the
phase change material because only the structures associated with the saturated methyl
esters would crystallize and melt.
A.3.

Oil + Methyl Esters of Paraffin

The addition of methyl palmitate and paraffin to high oleic soybean oil and olive oil did
not increase the total enthalpy above 75 J g-1. Also, the addition of methyl palmitate
caused the phase transition to become more complex, spreading out where the enthalpy in
the system is released. These mixtures cannot be used as a phase change material for our
application.
A.3.1. Freezer Observations
The addition of methyl palmitate into high oleic soybean oil and olive oil caused the
crystallization to initiate earlier, Figure 4.2-2. Crystallization occurred after 9 min when
9% of the total sample’s mass was methyl palmitate in both oil samples. The samples
with the larger percentage of methyl palmitate reduced its crystallization time when
placed in a ~-20°C environment. When the methyl palmitate in the system crystallizes,
this acts as a nucleating site for the larger TAG molecules. The thermal properties of
these mixtures were evaluated on the DSC to determine if they were viable to be used as
a PCM.
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A.3.2. DSC Thermal Behaviors
The addition of methyl palmitate and paraffin oil to high oleic soybean oil and olive oil
caused the complexity of the mixtures to increase. The number of structures that can
form increases causing the enthalpy to be released over a larger temperature range. The
total enthalpy did not increase above 150 J g-1. These are not desirable behaviors and
properties for phase change materials.
The melting behavior of high oleic soybean oil (HOSO) samples, Figure 4.3-12B, the
addition of methyl palmitate causes the one peak occurring over a 20°C to separate into
two distinct peaks. One of the peaks occurred below 0°C and the other occurring above
0°C. This behavior suggests that the structures formed from associations with methyl
palmitate are the peak above 0°C. The addition of methyl stearate to HOSO caused the
complexity of the melting behavior to increase, Figure 4.3-14. This is a result of multiple
structures being able to form. The separation of the multiple peaks with the addition of
MeC16:0 and MeC18:0 caused ΔH-5to5 to decrease significantly. Peak separation
behavior is not favorable for PCMs. The addition of paraffin oil to HOSO caused the
temperature of the peaks to decrease, Figure 4.3-14. The decrease in temperature and the
low enthalpy did not qualify these samples to be a PCM.
The addition of methyl palmitate to olive oil caused the multiple peaks to merge together
and increased the total enthalpy in the sample, Table 4.3-12 and Figure 4.3-13B.
Although these samples thermal behavior simplified, the total enthalpy of the system was
still below 60 J g-1.
Conclusion
Although the addition of methyl palmitate increased the total enthalpy in high oleic
soybean oil and olive oil, and in some cased increased the enthalpy between -5°C and
5°C, the total enthalpy was still below 75 J g-1. The addition of methyl palmitate, methyl
stearate or paraffin oil to olive oil or high oleic soybean oil did not act as a template for
crystallization to increase the enthalpy significantly. Therefore, these samples do not
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melt/crystallize in the necessary temperature range and do not have enough enthalpy to
be used as the PCM.
A.4.

Coconut Methyl Esters

The thermal behavior of coconut methyl esters (ME4) had more desirable properties than
the mixtures of long chain saturated and unsaturated methyl esters. ME4 exhibited only
one broad endothermic peak with peak melting temperature at ~-6°C and ΔH melt = 110.7 J
g-1, Figure 4.3-3. The broad melting peak suggests there are multiple structures that melt
at temperatures within that temperature range. The resolution of the DSC does not allow
for the distinction of the separate peaks for the different structures. Although ME4 did
not have the required melting temperature and enthalpy of fusion to be used as a PCM,
the thermal behavior of short-medium saturated methyl esters in ME4 provided direction
to move forward.
A.4.1. Crystallization Fractionation of Coconut Methyl Esters
Thermal crystallization fractionation of coconut methyl esters did not alter the
composition of the original coconut methyl ester sample significantly. It was not
successful in separating out the low melting methyl esters from the coconut methyl
esters; these would not be a viable solution for the PCM.
In the first experiment (-F1), changes to the individual methyl esters mass percent was
less than 1% of the total mass percent, Figure 4.1-5. In experiment 2 (-F2), the first
fractionation resulted in two samples with statistically different compositions (ME4-F2aL and ME4-F2-aS). However, the greatest change was only an increase in about 1% of
the total mass for MeC16:0 and MeC14:0 in solid portion (ME4-F2-aS). The small
changes to the sample’s composition are not enough to cause changes in the thermal
behavior. During experimentation, it is possible that some of the solid portion melted
during separation and centrifugation resulting in little changes in the composition. A
different method is needed to for separating out the low melting methyl esters to affect
the thermal behavior.
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A.4.2. Urea Coconut Fractionation
Urea fractionation of coconut methyl esters was successful in decreasing the lower
melting methyl esters (MeC8:0, MeC10:0, MeC18:1, MeC18:2) content from the sample
by increasing the mass percent of MeC14:0, MeC16:0, and MeC18:0 to increase the
melting range of ME4 (Figure 4.1-4). The thermal properties of ME4-F3 and ME4-F4 are
not desirable to be used as our PCM.
At a constant chain length, saturated methyl esters form urea complexes preferentially to
mono-unsaturated methyl esters and poly-unsaturated methyl esters. Additionally, the
stability of a urea complex increases with chain length, shorter methyl esters do not form
as stable complexes than longer chain methyl esters [97]. The resulting composition of
the fractionated samples suggests that MeC14:0, MeC16:0 and MeC18:0 formed urea
complexes preferentially to the others (Table 4.1-2). The MeC12:0 content decreased,
hence, the ability of the urea to form stable complexes must change from unstable to
stable from MeC12:0 to MeC14:0.
The crystallization range of the fractionated samples shifted from -5.5° – -28.3°C to 4.0 –
-25.0, Figure 4.3-5. The melting range shifted from -13°C – -1°C to -11°C – 9.5°C. The
shift of the crystallization/melting range increased significantly warmer but a smaller
shift in the lower temperature range. The structures associating with the large percent of
MeC12:0 melt forming the distinct peak between -6.5°C and -5.2°C. The increase in
longer saturated methyl esters causes the associated structures to decrease in Gibbs free
energy and melt at higher temperatures. These structures cause T C,onset and T M,end to
increase and the two small peaks contained with the broad melting range to appear. The
total enthalpy in the samples increased from 110 J g-1 to 130 J g-1 for ME4-F4. The broad
melting peak suggests there are multiple structures that are forming from the multicomponent methyl esters system. To increase the enthalpy, the number of the
components needs to decrease to minimize the number of potential structures that can
form.
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Conclusion
The short-medium length saturated methyl esters from coconut oil forms structures that
melt near the required temperature without large separations in the melting temperatures.
Urea fractionation of coconut methyl esters increased the longer saturated methyl ester
content, increasing the melting temperature range and enthalpy. However, all the
different methyl esters in the sample cause multiple structures to form that melt within a
20 degree temperature range. Decreasing the number of different methyl esters in the
sample will decrease the number of structures, resulting in a narrow melting range and an
optimization of where the enthalpy is absorbed/released.
A.5.

Initial Methyl Laurate Binary Mixtures

After the initial screening of methyl laurate binary mixtures, the thermal behavior of
methyl laurate + methyl myristate and methyl laurate + methyl palmitate displayed
desirable thermal behaviors to be used as a PCM. Further studies were conducted on
these mixtures and are discussed in Section 5.1.
Even with binary mixtures of methyl esters, multiple structures can still form depending
of the ratio of the components. The melting temperature of the structure depends on the
Van der Waals interactions between molecules. Structures with low Gibbs free energy
will melt at higher temperatures than structures with high Gibbs free energy [51]. The
separation in the melting temperature depends how great the differences are between their
Gibbs free energy.
The initial screening showed that binary mixtures exhibit more desirable thermal
behaviors, Figure 4.3-16. Methyl laurate + methyl decanoate (LD) binary system, Figure
4.3-16A, exhibited two separate endothermic peaks. These two peaks merged into one
peak as the percentage of methyl laurate decreased. The average ΔH melt = 181.2 J g-1,
well above 150 J g-1. The melting behavior at lower methyl laurate percentages is more
preferred. However, the melting temperature of these mixtures is below -15°C. The
melting curves suggest the eutectic temperature occurs near ~-15°C, by the merging of
the separated peaks into the low melting peak near this temperature. At the eutectic
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composition, the system is better behaved from the homogenous structures form, which is
desirable for PCMs [41]. The methyl laurate + methyl decanoate binary mixture eutectic
temperature occurs below the pure components melting temperature. This temperature is
too low to be used as our PCM.
Methyl laurate + methyl myristate (LM) binary mixtures had an average ΔH melt = 171.7 J
g-1. The melting peak temperatures ranged from 4.22°C to -0.26°C. The melting behavior
of these mixtures did not show a lot of separation between endothermic peaks and all
melted within 10 degrees. These are all favorable behaviors for PCMs. Refer to Section
5.1 for further discussion of the methyl laurate + methyl myristate binary system.
Methyl laurate + methyl palmitate (LP) binary mixture’s thermal properties had an
average T M,peak = 0.19°C and average ΔH melt = 148.8 J g-1. This binary had desirable
thermal properties for our PCM, further experiments were conducted and are discussed in
Section 5.1.
Methyl laurate + methyl stearate (LS) binary mixtures exhibited similar behavior to the
methyl laurate + methyl palmitate mixtures. The average T M,peak = 2.07°C and the
average ΔH melt = 163.1 J g-1. The mixtures exhibited one main peak that split into two
peaks as the methyl laurate content decreased. Methyl laurate and methyl stearate differ
in hydrocarbon chain length by six carbons. Therefore, the structures formed from the
associations between the methyl stearate molecules have a much lower Gibbs free energy
than the structures associated with methyl laurate. This large difference causes the
temperature difference between the two peaks to be greater than what was seen in the LP
binary mixtures. The large separation in the LS binary mixtures is not desirable for our
PCM.
Conclusion
The melting temperatures in the LD binary mixtures are too low for our application. The
LS binary mixtures displayed large separation between peak temperatures, dispersing the
enthalpy of the mixture. Methyl laurate + methyl myristate and methyl laurate + methyl
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palmitate binary systems were further evaluated because of their desirable thermal
behaviors and properties; refer to Section 5.1 for discussion of results.

171
Appendix B

Supplementary Results

This appendix contains supplementary information for the results presented in
CHAPTER 4.
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Figure B-1. GC chromatographs. (A) Chromatograph from the calibration standard mixture used for determining the retention
times for each individual methyl ester. (B) Inset of chromatograph showing MeC8:0-MeC18:0. (C) Inset of chromatograph
showing MeC18:1-MeC24:0.
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Table B-1. Crystallization data for methyl laurate + methyl myristate binary system
ΔH fusion
x laurate
T C,onset (°C)
T C,peak1 (°C) T C,peak2 (°C) T C,peak3 (°C) T C,end (°C)
(kJ mol-1)
0.993
-0.15 ± 0.26
1.07 ± 0.08
-1.32 ± 0.13 38.71 ± 0.09
0.905
-3.55 ± 0.08
-4.33 ± 0.10 -4.84 ± 0.04
-6.60 ± 0.02 36.06 ± 0.04
0.861
-5.27 ± 0.02
-6.09 ± 0.05
-7.58 ± 0.00 35.44 ± 0.08
0.814
-5.57 ± 0.00
-6.35 ± 0.01
-7.84 ± 0.03 36.13 ± 0.10
0.769
-4.94 ± 0.01
-6.41 ± 0.00
-7.74 ± 0.02 37.87 ± 0.05
0.724
-4.24 ± 0.00
-5.05 ± 0.03 -6.52 ± 0.02
-7.84 ± 0.05 39.03 ± 0.06
0.678
-3.10 ± 0.01
-4.63 ± 0.02 -6.32 ± 0.01
-7.41 ± 0.02 36.03 ± 0.04
0.627
-2.08 ± 0.01
-2.43 ± 0.03 -6.19 ± 0.04
-7.25 ± 0.03 37.26 ± 0.09
0.584
-0.86 ± 0.03
-1.51 ± 0.01 -6.39 ± 0.03
-7.51 ± 0.02 39.98 ± 0.14
0.527
0.56 ± 0.08
-0.15 ± 0.00 -6.47 ± 0.01
-7.54 ± 0.01 38.21 ± 0.05
0.430
4.05 ± 0.07
3.50 ± 0.12 -6.40 ± 0.00
-7.61 ± 0.01 41.05 ± 0.05
0.341
7.32 ± 0.20
6.70 ± 0.14 -6.50 ± 0.01
-7.71 ± 0.02 41.68 ± 0.07
0.224
10.63 ± 0.25 10.06 ± 0.12 -8.08 ± 0.00
-8.09 ± 0.00 42.81 ± 0.03
0.116
12.86 ± 1.00 14.25 ± 0.05 12.99 ± 0.22 -6.67 ± 0.04 -8.90 ± 0.05 38.27 ± 0.61
0.002
15.84 ± 0.21 15.60 ± 0.09
13.29 ± 0.09 45.18 ± 0.11
These are the average values from Table 4.3-18 with ± 1 standard deviation of three replicates.

ΔH Fusion
(J g-1)
180.43± 0.41
166.17± 0.17
162.37± 0.39
164.57± 0.45
171.50± 0.24
175.73± 0.26
161.30± 0.16
165.77± 0.39
176.87± 0.62
167.87± 0.24
178.20± 0.22
179.00± 0.28
181.33± 0.12
160.03± 2.53
186.43± 0.47
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Table B-2. Melting data for methyl laurate + methyl myristate binary system
x laurate
0.993
0.905
0.861
0.814
0.769
0.724
0.678

T M,onset
T M,eut
(°C)
(°C)
4.57± 0.03
-1.44± 0.03 -0.35± 0.05
-1.78± 0.01 -0.23± 0.01
-2.14± 0.02 -0.43± 0.10
-2.14± 0.02
-2.06± 0.02
-2.04± 0.02

0.627
0.584
0.527
0.430

-2.01± 0.01
-2.02± 0.00
-2.01± 0.00
-2.22± 0.03

0.341 -2.25± 0.00
0.224 -2.30
0.116 -2.76

T M,peri
(°C)

T M,meta
(°C)

T M,trans1
(°C)

T M,trans2
(°C)

1.00± 0.03 2.56± 0.03
2.03± 0.00

0.39± 0.05
0.56± 0.01
0.35± 0.02
0.19± 0.05

T M,trans.pure
(°C)
6.49± 0.03

T M,melt
(°C)
6.72± 0.02
4.22± 0.02
3.51± 0.00
0.94± 0.00
0.21± 0.01
0.66± 0.00
0.59± 0.04

T M,end (°C)
7.67± 0.04
4.96± 0.01
4.14± 0.00
2.14± 0.01
1.73± 0.00
2.03± 0.05
2.18± 0.01

1.30± 0.04
1.77± 0.00
1.41± 0.02 1.74 ± 0.04
0.99± 0.04 4.94± 0.23

5.43± 0.08 6.97± 0.01
7.61± 0.02 8.58± 0.00
9.11± 0.01 10.12± 0.03
11.81± 0.03 12.84± 0.01

-0.13± 0.01 0.79± 0.00 7.39± 0.36
-0.28± 0.00 0.62± 0.02 6.80± 0.14 12.46± 0.04
-0.59± 0.04 0.17± 0.03

14.10± 0.01 15.04± 0.01
16.41± 0.01 17.42± 0.01
17.92± 0.01 18.96± 0.03

0.002 17.55± 1.43
20.48± 0.02 20.68 ± 0.04 22.09± 0.12
These are the average values of three replicates from Table 4.3-19 with ± 1 standard deviation.
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Table B-3. Melting data for methyl laurate + methyl myristate binary system
x laurate
0.993
0.905
0.861
0.814
0.769
0.724
0.678

ΔH melt
(kJ mol-1)
39.58± 0.07
36.42± 0.02
35.81± 0.05
36.70± 0.03
38.49± 0.02
39.50± 0.01
36.34± 0.03

ΔH melt
(J g-1)
184.50± 0.33
167.80± 0.08
164.10± 0.22
167.13± 0.12
174.30± 0.08
177.83± 0.05
162.70± 0.14

0.627
0.584
0.527
0.430

37.42± 0.25
40.29± 0.06
38.50± 0.02
41.33± 0.05

166.47± 1.10
178.23± 0.25
169.13± 0.09
179.43± 0.21

0.341
0.224
0.116

41.63± 0.04
42.49± 0.01
37.82± 0.58

178.77± 0.17
179.97± 0.05
158.13± 2.42

0.002
45.71± 0.11
188.63± 0.45
These are the average values of three replicates from
Table 4.3-19 with ± 1 standard deviation.

175

176

Table B-4. Crystallization data for methyl laurate + methyl palmitate binary system
T C,onset
T C,peak1
T C,peak2
T C,end
ΔH fusion
ΔH fusion
x laurate
(°C)
(°C)
(°C)
(°C)
(kJ mol-1)
(J g-1)
0.993 -0.15
1.04 ± 0.07
-1.32 ± 0.13 38.75 ± 0.09 180.43± 0.41
0.907 -4.95 ± 0.27
-5.25 ± 0.24 -7.31 ± 0.16 40.69 ± 0.17 185.33± 0.78
0.822 -3.55 ± 0.04
-4.60 ± 0.01 -6.15 ± 0.00 36.43 ± 0.07 162.37± 0.29
0.733
2.77 ± 0.09
1.91 ± 0.07 -2.69 ± 0.01 -4.94 ± 0.00 40.29 ± 0.05 175.70± 0.22
0.644
8.27 ± 0.40
6.89 ± 0.35 -2.68 ± 0.01 -4.86 ± 0.02 41.54 ± 0.06 177.27± 0.25
0.555 12.28 ± 0.10 11.02 ± 0.23 -2.70 ± 0.01 -4.70 ± 0.02 43.36 ± 0.12 181.20± 0.51
0.467 14.70 ± 0.04 14.50 ± 0.23 -2.85 ± 0.01 -4.89 ± 0.02 44.90 ± 0.04 183.83± 0.17
0.356 17.98 ± 0.33 17.87 ± 0.19 -2.93 ± 0.02 -5.04 ± 0.08 49.19 ± 0.07 196.37± 0.26
0.261 20.64 ± 0.59 20.93 ± 0.40 -3.69 ± 0.07 -5.23 ± 0.12 51.44 ± 0.03 201.07± 0.12
0.132 22.99 ± 0.12 23.52 ± 0.06 -4.60 ± 0.01 -5.84 ± 0.03 53.50 ± 0.09 203.37± 0.33
0.002 26.06 ± 0.20 26.53 ± 0.14
24.20 ± 0.05 56.15 ± 0.12 207.60± 0.43
These are the average values of three replications from Table 4.3-20 with ±1 standard deviation
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Table B-5. Melting data for methyl laurate + methyl palmitate binary system
T M,onset
T M,eut
T M,trans1
T M,trans2
T M,trans.Pure
T M,melt
T M,end
x laurate
(°C)
(°C)
(°C)
(°C)
(°C)
(°C)
(°C)
0.993 4.57 ± 0.03
6.49 ± 0.03 6.72 ± 0.02 7.67 ± 0.04
0.907 1.07 ± 0.23 1.86 ± 0.90
3.91 ± 0.12 5.04 ± 0.08
0.822 -0.01 ± 0.01 2.17 ± 0.00
6.65 ± 0.03 9.88 ± 0.08
0.733 0.52 ± 0.00 2.79 ± 0.01 9.09 ± 0.02 11.31 ± 0.11
13.49 ± 0.02 15.13 ± 0.03
0.644 0.44 ± 0.00 2.59 ± 0.00 9.11 ± 0.26 13.12 ± 0.12
17.05 ± 0.09 18.89 ± 0.05
0.555 0.38 ± 0.00 2.44 ± 0.01 9.37 ± 0.52 #N/A
20.15 ± 0.02 21.95 ± 0.02
0.467 0.24 ± 0.00 2.36 ± 0.00 9.42 ± 0.19 #N/A
22.84 ± 0.03 24.51 ± 0.04
0.356 -0.02 ± 0.01 2.03 ± 0.00
#N/A
25.22 ± 0.03 26.65 ± 0.09
0.261 -0.47 ± 0.02 1.62 ± 0.03
#N/A
27.09 ± 0.04 28.54 ± 0.08
0.132 -1.90 ± 0.03 1.10 ± 0.03 2.58 ± 0.04
28.93 ± 0.07 30.25 ± 0.03
0.002 29.21 ± 0.01
31.76 ± 0.07 31.93 ± 0.02 33.15 ± 0.09
These are the average values of three replications from Table 4.3-21 with ±1 standard deviation

ΔH melt
(kJ mol-1)
39.62 ± 0.07
41.74 ± 0.14
37.63 ± 0.04
40.96 ± 0.02
42.06 ± 0.03
43.72 ± 0.10
45.22 ± 0.03
49.31 ± 0.07
51.38 ± 0.08
53.12 ± 0.14
56.18 ± 0.24

ΔH melt
(J g-1)
184.50± 0.33
190.10± 0.62
167.73± 0.17
178.60± 0.08
179.50± 0.14
182.67± 0.40
185.13± 0.12
196.87± 0.29
200.83± 0.33
201.93± 0.52
207.73± 0.90
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